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ABSTRACT 
 
Conventional thermal barrier coating (TBC) systems consist of a duplex structure with a 
metallic bond coat and a ceramic heat-isolative topcoat. Several recent research activities 
are concentrated on the development of improved multilayer bond coat and TBC 
materials. This study represents an investigation performed for the aluminum based bond 
coats, especially those with reduced thermal conductivities. Using alternative TBC 
materials, such as metal alloys and intermetallics, their processing methods can be further 
optimized to achieve the best thermal physical parameters. One example is the ten-layer 
system in which cold sprayed aluminum based intermetallics are synthesized. These 
systems demonstrated improved heat insulation and thermal fatigue capabilities 
compared to conventional TBC. The microstructures and properties of the laminar 
coatings were characterized by SEM, EDS, XRD; micromechanical and durability tests 
were performed to define the structure and coating formation mechanisms. Application 
prospects for HCCI engines are discussed. Fuel energy can be utilized more efficiently 
with the concept of low heat rejection engines with applied TBC. 
 
 v 
 
DEDICATION 
 
Dedicated to my parents for their love and support throughout my life. 
 
 vi 
ACKNOWLEDGEMENTS 
 
I would like to express my sincere gratitude to my advisers Dr. Maev and Dr. Sobiesiak 
for their ideas, support, initiative and consideration that made this work possible. I would 
like to thank our research and technical support team for doing outstanding work, their 
dedication and expertise that they demonstrated during multiple experiments made in this 
research. I would also like to give special thanks to my committee members and 
especially my external examiner Dr. J. G. Legoux for taking time out to participate in my 
dissertation defense. Finally, I would like to thank my family for their love, continuous 
support and encouragement to finish this dissertation. 
 
 vii 
 
TABLE OF CONTENTS 
DECLARATION OF ORIGINALITY .............................................................................. iii 
ABSTRACT ....................................................................................................................... iv 
DEDICATION .....................................................................................................................v 
ACKNOWLEDGEMENTS ............................................................................................... vi 
LIST OF TABLES ............................................................................................................. xi 
LIST OF FIGURES ......................................................................................................... xiii 
CHAPTER 
I. INTRODUCTION 
1.1   Review of HCCI Engine ...............................................................1 
1.2   State of the Art of TBC for Engine Applications .........................3 
1.2.1   Common TBC Structure ............................................................4 
1.2.2 TBC Deposition Techniques .......................................................6 
1.3   YSZ TBC Shortcomings ...............................................................9 
1.4   Novel TBC Development ...........................................................11 
1.5   Cold Gas Dynamic Spray for TBC Deposition ..........................12 
1.6   Reaction Synthesis Technology ..................................................14 
1.7   Research Objective .....................................................................16 
1.8   Organization of Dissertation .......................................................16 
II. REVIEW OF LITERATURE 
2.1   TBC for Diesel and HCCI Engines ............................................18 
2.2   Overview of TBC Compositions and Properties ........................26 
2.3   Overview of TBC Deposition Technologies ..............................34 
2.3.1 Chemical Vapour Deposition (CVD) ........................................35 
2.3.2 Physical Vapour Deposition (PVD) ..........................................37 
2.3.3 Plasma Spray .............................................................................39 
2.3.4 Flame Spray ..............................................................................40 
2.3.5 High Velocity Oxy-Fuel Spray (HVOF) ...................................42 
2.3.6 Electric Arc Spray .....................................................................43 
2.3.7 Cold Gas Dynamic Spray (Cold Spray) ....................................44 
 viii 
III. EXPERIMENTAL SETUP AND METHODOLOGY 
3.1   Cold Spray Equipment ................................................................49 
3.2   Coating Deposition .....................................................................50 
3.3   Coating Post Treatment ..............................................................52 
3.4   Coating Characterization ............................................................52 
3.4.1   Adhesion Testing .....................................................................53 
3.4.2   Hardness Testing and Determination of the Elasticity Modulus 
via Micro-Indentation................................................................54 
3.4.3   Determination of Thermal Conductivity, Diffusivity and 
Specific Heat .............................................................................57 
3.4.4   Determination of Thermal Expansion Coefficient ..................62 
3.4.5   Evaluation of Thermal Shock and Thermal Fatigue ................62 
3.4.6   Examination of Microstructure ................................................67 
3.4.7   XRF..........................................................................................68 
3.4.8   Determination of Material Phases ...........................................69 
3.4.9   Summary ..................................................................................71 
IV. TBC DESIGN AND MODELING ANALYSIS 
4.1   TBC Requirements for HCCI Engine .........................................72 
4.2   TBC with Functionally Graded Structure ...................................73 
4.2.1   Functionally Graded Materials ................................................75 
4.2.2   Thermal Conductivity Bounds in Particulate Type Materials .77 
4.2.3   Effect of Super-Deep Penetration for Controlling FGM 
Volume Fractions ......................................................................82 
4.3   TBC Material Selection ..............................................................87 
4.4   Effects of Reaction Synthesis on Attaining of Intermetallic TBC96 
4.5   TBC Multilayer Design ............................................................102 
4.6   The Effect of TBC on Piston Temperature using FEA.............103 
4.7   Summary ...................................................................................107 
V. TBC DEPOSITION AND POST TREATMENT TECHNOLOGIES 
5.1   Cold Spray (CS) Processing Parameters and Optimization ......108 
5.1.1   Travel Speed of Cold Spray (CS) Nozzle ..............................109 
5.1.2   Effect of Powder Hopper Settings .........................................112 
5.1.3   Effect of Powder Feeding Rate ..............................................116 
5.1.4   Effect of the Step Size between Adjacent Passes ..................118 
5.1.5   Effect of Using Different Types of Carrier Gases .................120 
5.1.6   Resultant Selection of CS Parameters for TBC Deposition ..121 
 ix 
5.2   Super Deep Penetration (SDP) Characterization Metal Alloy 
Powders ...................................................................................122 
5.3   Synthesis of Intermetallics in Multilayer CS Coatings .............132 
5.3.1   Determination of Intermetallic Diffusion Zones ...................133 
5.3.2   Determination of Intermetallic Growth Kinetics ...................139 
5.4   Summary ...................................................................................147 
VI. TBC PROPERTIES AND RESULTS ANALYSIS 
6.1   Thermal Conductivity and Thermal Diffusivity of Intermetallic 
TBC .........................................................................................148 
6.1.1   Thermal Conductivity & Diffusivity of SHS-717 Iron – Based 
Intermetallics ...........................................................................150 
6.1.2   Thermal Conductivity & Diffusivity of AMS-4777 Nickel – 
Based Intermetallics ................................................................152 
6.1.3   Thermal Conductivity & Diffusivity of A-4783 Cobalt – Based 
Intermetallics ...........................................................................155 
6.1.4   Influence of Intermetallic Phases and Temperature on Thermal 
Conductivity ............................................................................156 
6.2   Coefficient of Thermal Expansion of Intermetallic TBC .........160 
6.3   Adhesion of Multilayer Intermetallic TBC to Aluminum 
Substrate ..................................................................................161 
6.4   Microhardness Characterization of Multilayer Intermetallic TBC165 
6.4.1   Determination of Microhardness in Composites and its 
Evaluation Parameters .............................................................166 
6.4.2   Microhardness Characterization of Individual Intermetallic 
TBC .........................................................................................170 
6.4.3   Comparison of Microhardness of Al Matrix with Different 
Alloying Elements ...................................................................173 
6.4.4   Comparison of Microhardness of Different Intermetallics in Al 
Matrix ......................................................................................175 
6.5   Elasticity of Multilayer Intermetallic TBC ...............................176 
6.6   SEM, EDS & XRD analysis of Multilayer Intermetallic TBC .180 
6.6.1   SEM, EDS & XRD analysis of SHS-717 – Al Composites ..180 
6.6.2   SEM, EDS & XRD analysis of AMS-4777 – Al Composites185 
6.6.3   SEM, EDS & XRD analysis of A-4783 – Al Composites .....188 
6.7   Thermal Fatigue Tests of Multilayer Intermetallic TBC ..........192 
6.7.1   Multilayer Intermetallic TBC Characterization after Fatigue 
Test ..........................................................................................193 
6.7.2   TBC Metallographic Characterization after Fatigue Test .....196 
6.7.3   Characterization of TBC after Fatigue Test by High 
Indentation Loads ....................................................................199 
 x 
6.7.4   Fracture Topography Characterization of TBC after Fatigue 
Test ..........................................................................................203 
VII. CONCLUSIONS AND FUTURE RECOMMENDATIONS 
7.1   Summary of Technological Parameters ....................................207 
7.2   Summary of Thermo-Physical and Mechanical Properties of 
TBC .........................................................................................209 
7.3   Conclusions...............................................................................211 
APPENDICES 
FEI Quanta 200 FEG high resolution SEM with EDAX Energy Dispersive 
Spectroscopy (EDS) data ................................................................................213 
Shimadzu DUH-211 Dynamic Ultra Micro-Hardness (DUH) tester data ................231 
REFERENCES ...............................................................................................................237 
VITA AUCTORIS .........................................................................................................246 
 
 xi 
LIST OF TABLES 
 
Table 1.1 Properties of YSZ TBCs at room temperature………………………….....7 
Table 2.1 Operating temperatures and stress states comparison of TBC for diesel  
  engines.......................................................................................................22 
Table 2.2 Properties of the coatings and substrate materials……………………….30 
Table 4.1 Powder compositions used in the experiment…………………...……….92 
Table 4.2 Values of the activation energy for diffusion growth of the iron –   
  aluminum intermetallic layer…………………………………………...100 
Table 5.1 CS coating thickness as a function of hopper vibration setting……...…113 
Table 5.2 CS coating thickness as a function of powder level in the hopper for two  
  different powders……………………………………………………….115 
Table 5.3 Influence of CS parameters on pulsing effect determined by visual   
  examination of the coatings…………………………………………….119 
Table 5.4 Influence of step size on the coating thickness for Al-1 and Al-2 mixtures  
  with different flow ability………………………………………………119 
Table 5.5 Approximation coefficients for the function of average concentration of  
  embedded particles…………………………………………………...…129 
Table 5.6 Approximation coefficients for the function of average thickness of SPD  
  layers…………………………………………………………………....129 
Table 5.7 Micro-hardness of the aluminum matrix of the composite coatings……131 
Table 6.1 Results of adhesion strength measurement of investigated coatings…...162 
 xii 
Table 6.2 Microhardness of multilayer coatings after heat treatment at various  
  temperatures…………………………………………………………….170 
Table 6.3 Elastic properties of  aluminum layer in intermetallic TBC....................177 
Table 6.4 EDS analysis of AMS-4777 - Al composite after sintering at 550oC..…186 
Table 6.5 EDS analysis of A-4783 - Al composite after sintering at 625oC……....191 
Table 7.1 Cold Spray parameters selection for aluminum layers…………………208 
Table 7.2 Super Deep Penetration parameters selection for………………...…….209 
Table 7.3 Thermo-Physical properties of intermetallic TBC……………………...210 
Table 7.4 Mechanical properties of intermetallic TBC…………………………....210 
Table 7.5 Thermal Fatigue degradation of mechanical properties for intermetallic  
  TBC…………………………………………………………………..…211 
 
 
 
 xiii 
LIST OF FIGURES 
 
Figure 1.1 Compression ignition, Spark ignition and HCCI combustion……….……2 
Figure 1.2 Schematic of the three layer thermal barrier coating……………………...5 
Figure 1.3 Plasma spray deposited YSZ coating…………………………………...…7 
Figure 1.4 Gas Dynamic Spray operating systems…………………………………..13 
Figure 2.1 Piston head with TBC coating……………………………………..…….21 
Figure 2.2 Piston top surface heat flux variation during one engine cycle………….22 
Figure 2.3 Comparison of the gas temperature on the piston top surface………...…23 
Figure 2.4 Schematic illustration of temperature and stress development in TBC….24 
Figure 2.5 Variation of stress ratios with the increase of thermal expansion mismatch  
  on the coating – substrate interface…………………………...………….25 
Figure 2.6 Variation of thermal expansion and coefficients of thermal expansion of  
  YSZ ceramics, Fe3Al intermetallics and Al-Si alloys…………...……….26 
Figure 2.7 Thermal conductivity, k, vs. thermal expansion coefficient, a, diagram for 
  thermal barrier materials…………………………………………………28 
Figure 2.8 Thermal diffusivity, α, vs. thermal conductivity, k, diagram for thermal 
  barrier materials…………………………………….……………………29 
Figure 2.9 Fe3Al-5%Cr alloy following the plastic strain at 1075 K………………..31 
Figure 2.10 Thermal expansion coefficient, a vs. temperature for Fe3Al-5% Cr  
  and Fe-40%Al…………………………………………………………....31 
Figure 2.11 Thermal conductivity, k, vs. temperature of oxide based TBC………….33 
Figure 2.12 Schematic of CVD process……………………………………………....36 
 xiv 
Figure 2.13 Schematic of PVD process.........................................................................38 
Figure 2.14 Schematic of Plasma Spray........................................................................39 
Figure 2.15 Schematic of Flame Spray.........................................................................41 
Figure 2.16 Schematic of HVOF...................................................................................42 
Figure 2.17 Schematic of Electric Arc Spray................................................................43 
Figure 2.18 Schematic of De-Laval nozzle……………………...……………………46 
Figure 2.19 Schematic of Cold Spray machine produced by Centerline Ltd................46 
Figure 2.20 Different types of cold spray techniques positioned on the velocity vs.  
  particle size map………………………………………………....………48 
Figure 2.21 Particle temperatures vs. velocity map for thermal spray techniques……48 
Figure 3.1 Experimental setup of SST equipment for spraying of TBC.....................50 
Figure 3.2 Example of the piston with cold sprayed TBC……….………………….51 
Figure 3.3 The tensile test set-up and the adhesion specimen typical failures…...….54 
Figure 3.4 Shimadzu DUH-W201S micro-hardness tester………………………….55 
Figure 3.5 Vickers hardness indenter based on diagonal length.................................56 
Figure 3.6 Example of Shimadzu DUH-W201S loading – unloading diagram……..57 
Figure 3.7 Schematic of light flash method utilized in Netzsch LFA-447…………..58 
Figure 3.8 Dimensionless plot of rear surface temperature change……...………….60 
Figure 3.9 Thermal shock and thermal fatigue experiment set-up..............................65 
Figure 3.10 Thermal shock specimen preparations…………………….……………..67 
Figure 3.11 XRD analysis principles…………………………………………...…….70 
Figure 3.12 Schematic of the goniometer Scintag XDS 2000 used in experiment…...71 
Figure 4.1 Two phase Iron – Aluminum structures………………………………….74 
 xv 
Figure 4.2 Typical structure of FGM………………………………………………..76 
Figure 4.3 Heat flux vectors for dispersion of spheres in a continuous medium……78 
Figure 4.4 Schematic representations of the structures assumed by each model and  
  relative thermal conductivity for each case of Equations (4.4 – 4.8)……82 
Figure 4.5 Schematics of the super-deep penetration phenomenon……………...….84 
Figure 4.6 Composition dependence of thermal conductivity at 300K of NiAl, CoAl  
  and FeAl……………………………………………………………...…..88 
Figure 4.7 Fe-Al phase diagram showing thermally stable Fe – Al phases up to the  
  temperatures of ~ 1100°C..........................................................................89 
Figure 4.8 Ni-Al phase diagram showing thermally stable Ni – Al phases up to the  
  temperatures of ~ 1130°C..........................................................................90 
Figure 4.9 Co-Al phase diagram showing thermally stable Ni – Al phases up to the  
  temperatures of ~ 1180°C..........................................................................91 
Figure 4.10 SEM image of SHS-717 powder particles……………………………….93 
Figure 4.11 SEM image of AMS-4777 powder particles..............................................94 
Figure 4.12 SEM image of A-4783 powder particles...................................................95 
Figure 4.13 SEM image of Al-101 powder…………………………………...………96 
Figure 4.14 The experimental results of sintering of SHS-717 particles with  
  aluminum matrix…………………………………………………………98 
Figure 4.15 The dependence of the parabolic rate constant in terms of  lnk………….98 
Figure 4.16 The binary phase diagram of Al - Fe with the marked region of the  
  prevailing phase obtained at the final stage of reaction synthesis…...…100 
Figure 4.17 The parabolic rate constants comparison………………………...……..101 
 xvi 
Figure 4.18 Schematic of piston multilayer TBC………………………..…………..103 
Figure 4.19 Piston mesh rendered by Abaqus 6.10 with boundary conditions set on  
  the external surfaces…………………………………………….………106 
Figure 4.20 Piston temperature distributions through the piston crown without TBC; 
  piston material is selected as Al-Si A-13 alloy........................................106 
Figure 4.21 Piston temperature distribution of Fe-Al coated piston…………...……107 
Figure 5.1 Schematic of a robot scan pattern with spray direction and step size…..110 
Figure 5.2 Effect of traverse speed on the average thickness of aluminum   
  coating......................................................................................................111 
Figure 5.3 Comparison of surface quality of coatings deposited at different 
  traverse speed……………………………………………………...……111 
Figure 5.4 Schematic of the powder feeder used in the experiment…………...…..112 
Figure 5.5 Comparison of surface quality of coatings deposited at different 
  hopper vibration settings…………………………………………..……114 
Figure 5.6 Influence of powder level in the hopper on coating surface quality........116 
Figure 5.7 The effect of pulsing occurring in the CS nozzle………………………117 
Figure 5.8 Effect of the powder feeding rate on the coating thickness for 
  Al-1 type powder…………………………………………………….....117 
Figure 5.9 Appearance of coating surface deposited using different step sizes........120 
Figure 5.10 Variation of the coating thicknesses for Al-1 and Al-2 type powders  
  deposited using different carrier gasses……………………………..….121 
Figure 5.11 The particle volume concentration in powder laden jet of CS nozzle….123 
 xvii 
Figure 5.12 Optical images of aluminum layers with embedded SHS-717 particles  
  deposited at 500 °C and processing parameters.......................................124 
Figure 5.13 SPD characteristics of SHS-717 powder………………………….……126 
Figure 5.14 SPD characteristics of AMS-4777 powder……………………….….…127 
Figure 5.15 SPD characteristics of A-47783 powder……………………………..…128 
Figure 5.16 SEM images of SDP layers for powders………………………….…….130 
Figure 5.17 SEM images of individual stainless steel layers as sprayed…………....133 
Figure 5.18 SEM images of individual stainless steel layers as sprayed……………135 
Figure 5.19 Location of section plane of stainless steel particles in specimen ……..136 
Figure 5.20 Optical images of AMS-4777 composite coatings………………….….138 
Figure 5.21 SEM images of the specimens annealed at 625 °C……………………..140 
Figure 5.22 Dependences of aluminide intermetallic layers growth on time………..142 
Figure 5.23 Optical images of coating microstructure after annealing at 600 oC…...143 
Figure 5.24 SEM images of A-4783 Co-Ni-Cr alloy particles………………………144 
Figure 5.25 Images of SHS-717 in aluminum matrix composite after sintering at the  
  temperature of 575oC during 2 hours………………………………..….145 
Figure 5.26 EDS of the intermetallic phases of SHS-717 – aluminum composite  
  showing phase distribution after annealing at 550oC during 1 hour........146 
Figure 6.1 SHS-717 iron – based intermetallic TBC…………………………...….151 
Figure 6.2 AMS-4777 nickel – based intermetallic TBC……………………….….153 
Figure 6.3 Thermal conductivities of various phases in Ni-Al alloys………..…….155 
Figure 6.4 A-4783 cobalt – based intermetallic TBC………………………...……156 
 xviii 
Figure 6.5 Thermal conductivity of aluminides as a function of Al concentration at  
  room temperature……………………………………….………………157 
Figure 6.6 Thermal conductivities of the intermetallic layers in TBC made from  
  SHS-717, AMS-4777 and A-4783…………………………..………….158 
Figure 6.7 Coefficients of thermal expansions of  intermetallic and aluminum  layers  
  of TBC made from SHS-717 , AMS-4777 and A-4783……….…….…160 
Figure 6.8 Adhesive strength of SHS-717 coatings at various conditions……...….163 
Figure 6.9 Adhesion specimen of SHS-717 – Al coating annealed at ~ 575 °C.......164 
Figure 6.10 The approximation of the unloading curve for microindentation………166 
Figure 6.11 Imprints of the indents on the composite coating……………...……….168 
Figure 6.12 The typical diagrams for “load-displacement” on Aluminum……….....169 
Figure 6.13 Microhardness of intermetallic particles and aluminum matrix in  
  SHS-717 iron based coating.....................................................................172 
Figure 6.14 Microhardness of intermetallic particles and aluminum matrix in  
  AMS-4777 nickel based coating……………………………….……….172 
Figure 6.15 Microhardness of intermetallic particles and aluminum matrix in  
  A-4783 cobalt based coating………………………………………..…..173 
Figure 6.16 Comparison of Al layer microhardness in examined Fe-Al, Ni-Al and  
  Co-Al composites.....................................................................................174 
Figure 6.17 Comparison of the microhardness for the intermetallic particles of Fe-Al,  
  Ni-Al and Al-Co composites...................................................................176 
Figure 6.18 Elastic properties of aluminum layer in the intermetallic TBC……..….179 
Figure 6.19 SEM images of SHS-717- Al phases after annealing at 550°C…..…….181 
 xix 
Figure 6.20 Binary phase diagram Fe-Al marked with phases obtained during the  
  reaction synthesis………………………………………………….……182 
Figure 6.21 SEM images of SHS-717- Al phases after sintering at 625°C................183 
Figure 6.22 XRD analysis of SHS-717- Al intermetallics after sintering at different  
  temperatures…………………………………………………………….184 
Figure 6.23 SEM images of AMS-4777- Al phases after sintering at 550°C……….185 
Figure 6.24 EDS analysis of AMS-4777 – Al phases after sintering at 625oC……...187 
Figure 6.25 XRD analysis of AMS-4777 – Al multilayer coating sintered at different  
  temperatures…………………………………………………………….187 
Figure 6.26 Binary phase diagram Al – Ni marked with phases obtained during 
  the reaction synthesis………………………………...…………………188 
Figure 6.27 EDS analysis of A-4783 – Al phases after sintering at 550oC.................189 
Figure 6.28 Binary phase diagram Al – Co marked with phases obtained during 
  the reaction synthesis…………………………………………………...190 
Figure 6.29 SEM images of A-4783- Al phases after sintering at 625°C…………...191 
Figure 6.30 XRD analysis of A-4783 – Al multilayer coating sintered at 625°C...…192 
Figure 6.31 Schematic of the heat flux test for measuring the thermal fatigue   
  properties………………………………………………………………..194 
Figure 6.32 Pyrometer reading of the surface temperature fluctuations…………….195 
Figure 6.33 Micro-hardness of SHS-717, AMS-4777 and A-4783 particles after  
  thermal fatigue test………………………………………………...……195 
Figure 6.34 SHS-717 – Al coating after thermal fatigue test………………………..196 
Figure 6.35 AMS-4777 – Al coating after thermal fatigue test……………………...197 
 xx 
Figure 6.36 A-4783 – Al coating after thermal fatigue test…………………………198 
Figure 6.37 Load - depth indentation diagram of SHS-717 - Al intermetallic particle  
  after thermal fatigue test………………………………………………..199 
Figure 6.38 Load - depth indentation diagram of AMS-4777 - Al intermetallic   
  particle after thermal fatigue test……………………………………….200 
Figure 6.39 Load - depth indentation diagram of A-4783 - Al intermetallic particle  
  after thermal fatigue test………………………………………………..201 
Figure 6.40 Load - depth indentation diagram of the TBC aluminum matrix after  
  thermal fatigue test……………………………………………………...202 
Figure 6.41 SEM images of the fractured surfaces of SHS-717 multilayer intermetallic  
  coating after thermal fatigue test……………………………………......203 
Figure 6.42 SEM images of the fractured surfaces of AMS-4777 multilayer   
  intermetallic coating after thermal fatigue test…………………………204 
Figure 6.43 SEM images of the fractured surfaces of A-4783 multilayer intermetallic  
  coating after thermal fatigue test……………………………..................205 
 
 
 
 1 
CHAPTER I 
INTRODUCTION 
 
Stringent emissions and fuel economy regulations set forth by the Environmental 
Protection Agency (EPA) and Canadian Environmental Protection Act (CEPA) have 
forced the automotive industry in North America to seek a low cost and reliable solution 
to meet these new requirements. Homogeneous Charge Compression Ignition (HCCI) is 
believed to be one of the potential answers to the problem. The HCCI combustion 
process combines the benefits of the two main Internal Combustion Engines (ICE) 
technologies: Spark Ignition (SI) and Compression Ignition (CI), which are reflected in 
its name: homogeneous mixture and compression ignition. While the HCCI process 
utilizes the advantages of each technology, one of the hurdles preventing the successful 
implementation of the HCCI engine to the main automotive market is how to control auto 
ignition and heat supply required for steady operation. In this research, Thermal Barrier 
Coatings (TBC) are designed and investigated to capture the energy normally wasted by 
the engine through the engine exhaust and cooling systems thus helping to create the 
appropriate conditions for HCCI cycle. The captured energy can be used as an additional 
heat source necessary to initiate HCCI combustion. As the first step, this was achieved by 
modifying engine pistons with thermal barrier coatings and the possibilities of applying  
TBC to the cylinder head deck, valve heads and cylinder liners were evaluated. 
 
1.1   Review of HCCI Engine 
Homogenous Charge Compression Ignition, (HCCI), is currently a topic of 
research in the automotive engine field. The ignition cycle is designed using the 
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conventional four stroke cycle as are most of the mass produced engines available in the 
automotive market. This combustion method combines the advantages of the two mass 
produced alternatives: Spark Ignition (SI) and Compression Ignition (CI). However, 
unlike either of these conventional engines, combustion occurs simultaneously 
throughout the cylinder volume rather than in a flame front (Figure 1.1). 
 
Figure 1.1 Compression ignition, Spark ignition and HCCI combustion. 
 
HCCI is considered a promising concept since the emissions levels produced are 
comparable to those of a SI engine while the thermal efficiency obtained is comparable to 
the level achieved in CI diesel engine. Like an SI engine, the charge is well mixed which 
minimizes particulate emissions; lean and ultra-lean air/fuel mixtures up to 80% reduce 
the combustion temperature thus eliminating NOx emissions. Similar to a CI engine, the 
HCCI engine has no throttling losses, which lead to high efficiency up to 55%. The 
cumulative effect of implementation of HCCI cycle may result in reducing fuel 
consumption up to 30%. 
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However, despite of the apparent advantage what HCCI engines provide in 
comparison to a conventional one, it still hasn’t reached the high volume production due 
to the significant technical hurdles such as: controlling ignition timing and burn rates; 
extending the operating range of HCCI cycle to high engine loads, which may result in 
excessive in-cylinder pressure causing knock and parts damage; and cold start and 
transient response of HCCI cycle to constantly changing engine environment conditions. 
 
HCCI is a complex mode of combustion to achieve and control. The main topics 
of the concurrent HCCI research involve increasing in-cylinder temperatures and 
pressures with complex methods. There are multiple methods of using external heat 
sources for HCCI engine, but so far there is no viable method for using the heat contained 
within the engine as the source needed to create in-cylinder conditions necessary for 
HCCI. An internal combustion engine is an excellent heat source and thus an additional 
external heat source might not be necessary. An engine designed or modified with this 
principle in mind could be able to operate in a sustaining HCCI condition without 
external energy input. The research presented here is to explore the potential use of 
thermal barrier coatings as a method to capture the heat necessary to create the 
appropriate conditions for HCCI cycle. 
 
1.2   State of the Art of TBC for Engine Applications 
Concurrent application of thermal barrier coatings on the elements of a 
combustion chamber in diesel engines offer advantages including fuel efficiency, multi 
fuel capacity and high power density. The application of TBC reduces the amount of heat 
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transferred to the cooling system, however the insulation of the combustion chamber 
influences the combustion process and exhaust emission characteristics. The reports on 
diesel engine performance often contradict each other. In some investigations, the 
significant benefits are the increase in engine power by 8%, significant decrease in the 
specific fuel consumption by 9% and the increase in the temperature of exhaust gases by 
70 K [1], which in  turn, can be recovered by turbo-charging. Some data about a 
detrimental effect of TBC on the engine economy may be found in literature [1]. It may 
be attributed to the longer burn duration for coated pistons and injection timing 
discrepancies. It is shown in [2] that in diesel engines the radiation accounts for about 20-
40% of the total surface heat transfer and ceramics are translucent to the infrared light, 
which makes concurrent TBC ineffective. In contrast, the results obtained on spark 
ignition engines are convergent and authors [3] found 6% improvement in fuel economy 
and a decrease in unburned hydrocarbon levels. 
 
1.2.1   Common TBC Structure 
Usually, the structure of common TBC [4] consists of three layers (Figure 1.2). 
The topmost layer is a ceramic material that constitutes the actual heat shield. The 
material choice is usually Yttria Stabilized Zirconia (YSZ) because of its unique 
combination of thermo-mechanical properties. First, doping ZrO2 with 6–8 % (weight) 
Y2O3 ensures that the resulting YSZ adopts the tetragonal phase at the temperature range 
475-775 K. Secondly, it is used due to its low thermal conductivity of 2-2.5 W/mK vs. 
~50 W/mK for steel and relatively high thermal expansion of ~9 mm/mmK vs. ~12 
mm/mmK for steel and 15 mm/mmK for aluminum alloys. Despite being a ceramic, its 
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coefficient of thermal expansion is well matched to the metal substrates so that stress 
buildup due to thermal expansion mismatch is minimized. The thermal cycling induced 
phase transitions, which otherwise would occur in pure Zirconia causing stress buildup, 
are avoided. YSZ has one of the lowest thermal conductivities of all ceramics, because it 
possesses an unusual defect structure that scatters phonons thereby hindering heat 
transport [4]. Finally, YSZ has a low density, which minimizes the weight, is very hard 
and therefore quite resistant toward foreign-body physical damage [5, 6]. 
 
 
 
 
 
Figure 1.2 (a) - schematic of the three layer thermal barrier coating. It features Ni-Pt-Al 
bond coat approximately 50 µm thick, YSZ ceramic topcoat of approximately 100 µm thick. A 
thin <10 µm layer of α-Al2O3 is formed in between YSZ and bond coat during deposition and 
operation and is known as thermally grown oxide (TGO) layer [4]. 
  (b) - schematic of stress state resulting from the applied thermal load on the 
TBC in a diesel engine [7]. 
 
 YSZ layer is not deposited directly onto the substrate. One reason for this is that 
YSZ is transparent to oxygen diffusion and during operation oxygen would diffuse into 
-a- 
-b- 
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the interface and oxidize the metal, thus forming fast growing oxides that would cause 
early coating spallation [6]. Therefore, a bond coat (BC) alloy is deposited onto the 
substrate before deposition of the YSZ. Two different classes of BC alloys exist. Firstly, 
~100 µm thick MCrAlY alloys (where M stands for metal Co or Ni) are in use since the 
1960s. Secondly, ~ 40 – 60 µm thick Pt,Ni Aluminides have been developed fairly 
recently and they are more oxidation resistant but less ductile than MCrAlY. Both types 
of BCs ensure good adhesion and corrosion protection [5]. Together with top coat (TC) 
they can lengthen the lifetime of the substrates by lowering the temperature and reducing 
the stress forces leading to creep failure and thermal fatigue by taking upon themselves 
the severe environmental conditions. 
 
1.2.2 TBC Deposition Techniques 
There are two main methods for preparation of YSZ TBCs: by plasma spraying 
(PS) and electron beam physical vapor deposition (PVD). The coatings  produced vary by 
thickness, structure and thermo-mechanical characteristics (Figure 1.3). Table 1.1 
presents the comparison of YSZ TBC properties produced by PVD and PS. 
 
In the PS process, feedstock powders are melted and accelerated to high 
velocities, impinging upon the substrate, and rapidly solidifying to form a “splat”, i.e. a 
flattened particle. The deposit develops by successive impingement and inter-bonding 
among the splats, resulting in a lamellar structure (Figure 1.3 a). 
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Property/characteristic PVD PS 
Thermal conductivity (W/mK) 1.5 – 1.9 0.8 – 1.1 
Surface roughness (mm) 1.0 10.0 
Adhesive strength (MPa) 400.0 20 – 40 
Young’s modulus (GPa) 90.0 200.0 
Erosion rate (normalized to PVD)  1 7 
Growth rate (µm/h) 200 – 300 10 000 
Production cost High Low 
 
Table 1.1 Properties of YSZ TBCs at room temperature [19] 
 
                   
 
Figure 1.3 (a) - plasma spray deposited YSZ showing its’ coarse, disc-like pores aligned  
  parallel to the substrate surface; 
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  (b) - an electron beam physical vapor deposited YSZ coating with elongated  
  pores aligned perpendicular to the substrate surface. 
  
 The splats are separated by inter-lamellar pores resulting from rapid solidification 
of the lamellae, very fine voids formed by incomplete inter-splat contact or around 
unmelted particles and cracks due to thermal stresses. The pores and cracks interfere with 
the direct flow of heat, resulting in lower thermal conductivity close to 1 W/mK. In 
addition, PS YSZ TBCs have a high processing efficiency and low cost. Nevertheless, 
although PS process has many advantages over other traditionally used thermal spray 
processes, compared with EB-PVD process, some of the defects such as voids, 
inclusions, and poor adhesion strength between YSZ-TBCs and substrates still remain, 
which lead to the bond coat oxidation and decrease the durability of YSZ TBC’s. 
 
In PVD process, vapors are produced by heating the source material with an 
electron beam in a vacuum chamber and the evaporated atoms condense on the substrate. 
Crystal nuclei form on favored sites, growing laterally and in thickness to form individual 
columns (Figure 1.3 b). Thermal expansion mismatch between ceramic and metallic 
components is better accommodated by the columnar morphology, than by the porosity 
and micro-cracking of PS YSZ TBCs [108]. The adhesive strength between the substrate 
and YSZ is ten times higher for PVD than for PS YSZ TBCs, which is an important 
factor in preventing premature spallation of the YSZ layer [109]. So, the PVD process 
offers the advantage of a superior strain, erosion and thermal shock tolerant behavior for 
the coatings due to their columnar microstructure. These coatings also retain an 
aerodynamically favorable smooth surface and usually exhibit longer lifetime than PS 
 9 
YSZ TBCs do [110]. Nevertheless, these properties are gained at the expense of higher 
thermal conductivity and production cost [111]. 
 
1.3   YSZ TBC Shortcomings 
While PS and PVD can produce high quality coatings, they still suffer from 
several limitations. First of all, inevitably a distinct interface between TC and BC in two 
layer coatings results in discontinuities of the materials’ properties across the thickness of 
the coating. As a result, residual stresses develop in TBCs due to the thermal expansion 
mismatch between the different layers of the TBC initially during deposition (~3GPa) 
and later on during the exploitation (~3.9GPa) [117]. Residual stresses can give rise to 
deformation of the coated work pieces and initiate micro-cracks at the TC/BC interface. 
Subsequently, the thermally grown oxide layer (TGO), mainly consisting of α-Al2O3 and 
Cr2O3, forming along the irregular TC/BC interface, scales at cyclic high-temperature 
exposure due to Al depletion and consequent oxidation of  Cr, Ni resulting in a very high 
growth rate and increases the volume of the TGO. It is considered to be the main cause 
for creating internal stress at TC/BC interface, which eventually affects the coating 
durability [118].  
 
 In this context, the major factors influencing the lifetime of YSZ TBCs are: 
1. thermal expansion mismatch between YSZ TBCs and substrates; 
2. uncontrolled growth rate of TGO and the associated buildup of strain  
  energy; 
3. depletion of Al between BC and substrate; 
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4. increase of thermal conductivity of YSZ TBCs during  service due to the 
TC/BC spallation  of  and simultaneously decrease of its high-temperature capability. 
 
 Since flaws at the TC/BC interface are primarily responsible for initiating  coating 
debonding and accelerating the oxidation process at TGO, the coating deposition 
techniques represent a great challenge in terms of eliminating  substrate imperfections, 
surface preparation, process and coating quality control. Thus, all techniques for TBC 
deposition are relatively complex and expensive. Although plasma spray processing is a 
well established method for forming thick coatings, in coatings thinner than 100 µm it is 
difficult to control material properties because the acceleration process is not yet efficient 
enough. The primary imperfection associated with plasma spraying, however, is its high 
processing temperature, making a number of substrate materials unfit for treatment due to 
local heating, oxidation and thermal deformations. Further, the high-temperature jet that 
is incident on the product surface intensifies chemical and thermal processes, causing 
phase transformations and the appearance of oversaturated and non-stoichiometric 
structures, which bring about structural changes in the substrate material. Also, the high 
cooling rates result in the hardening of these heated materials and building up high 
residual stresses. Finally, the liberation of gases during crystallization brings about both 
porosity and the appearance of micro-cracks. 
 
 Even though the PVD process for TBC fabrication offers significantly better 
adhesive strength, its thermal conductivity is twice higher than PS YSZ TBC. Besides 
that, the coatings produced by this method are limited by the thickness of ~150 µm, the 
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processing time is long and the costs are very high. Further, the columnar morphology of 
the PVD YSZ TBCs ceramic top coat allows easier penetration of corrosive fuel and 
gasses into TGO and consequent propagation of  cracking (horizontal and vertical), 
sintering of TC Zirconia, particle erosion, TGO degradation and ultimate coating 
debonding. 
 
1.4   Novel TBC Development 
Even though important advances have been made in recent years to the 
development of ceramic based TBCs, they are not yet widely applied in mass production. 
Besides the important economic considerations, the reliability of ceramic TBCs is also a 
major issue including difficulties in predicting their service lifetime due to inherent brittle 
behaviour. This situation probably requires not only application of  state-of-the-art 
processing methods, but also novel material compositions capable of producing TBCs 
with high qualities. Finally, further efficiency improvements require TBCs to be an 
integral part of the component, which in turn, require reliable and predictable TBC 
performance. 
 
 One of the developments taking place over the last two decades has been devoted  
to metal base thermal barrier coatings (MBTBC). For such metals with highly refined 
microstructure there is a potential of limiting thermal conductivity by incorporating grain 
boundary scattering as an extrinsic phonon-scattering phenomenon [11]. This type of 
novel materials includes quasi-crystalline, nano-crystalline and amorphous metals.  A 
major concern with amorphous and nano-crystalline materials is their long-term stability 
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at elevated temperatures: glassy materials tend to crystallize and nano-crystalline 
materials tend to rapidly coarsen and lose initial advantages of being nano-crystalline. 
However, nano-composites and intermetallics are expected to be more resistant to 
coarsening, but early investigations of Zirconia / Alumina laminates indicate  they 
become spheroid and then coarsened. Nevertheless, the potential of nano-composites and 
intermetallics for thermal barrier applications has not been explored systematically. Our 
particular interest in this research would be intermetallic composites that feature both 
nano-crystalline and amorphous structures and resist coarsening under high temperature 
conditions while being used as thermal barrier coatings. 
 
1.5   Cold Gas Dynamic Spray for TBC Deposition 
Cold gas dynamic spray, or cold spray (CS), is a rapidly emerging coating 
technology in which spray particles in a solid state are deposited on a substrate via high 
velocity impact at temperatures lower than the melting point of the powder material. In 
this method, solid particles ranging from 10 to 50µm in size are introduced by means of a 
pressurized powder feeder into the high-pressure, high-temperature chamber of a 
converging-diverging de Laval nozzle and are subsequently accelerated into a supersonic 
stream by the gas (Figure 1.4 a). Even though the carrier gas is preheated up to 500 ~ 700 
K to archive high velocities of flow from Mach 1 up to Mach 3, the deposited particles 
are still “cold” because this temperature is still below the melting point of most metal 
powders. Moreover, the short time span that they spend in the gas stream is somewhere 
between 300 ~ 500 µs, which is negligible to accept the heat required for metal melting.  
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Figure 1.4 Gas Dynamic Spray operating systems that accelerate micron-sized particles to 
high velocities by supplying the particles in the flow of supersonic nozzle: 
  a – axial injection [Assadi et al., 2003]; 
  b – radial injection. 
 
 The deposition of particles takes place through intensive plastic deformation upon 
impact in a solid state at a temperature well below the melting point of spray materials. 
Consequently, the deleterious effects inherent to conventional thermal spraying such as 
 
 
-a- 
-b- 
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oxidation, composition change, grain growth and other problems can be minimized or 
eliminated. During deposition, cold sprayed materials experience only minor changes in 
microstructure and little oxidation of decomposition. Most metals such as Cu, Al, Ti, Ni 
and Ni-based alloys can be deposited by CS [32], even cermets [33] and ceramics [34] 
can be embedded into a substrate to form a thin layer coating. A unique feature of CS is 
the ability to generate a wide range of deposition layer thicknesses ranging from tens of 
microns up to several centimeters. In this regard this process extends beyond the concept 
of “coating” on a substrate providing a means for developing three-dimensional 
structures [39]. 
 
1.6   Reaction Synthesis Technology 
Fe-Al intermetallic compounds have drawn much attention as materials for 
medium-to high-temperature applications owing to their unique properties such as good 
mechanical properties, low density, low cost, low thermal conductivity and excellent 
corrosion resistance in oxidizing and sulfidizing environments [112].  However, 
industrial applications of these alloys as a bulk material have been hampered due to their 
low ductility and processing problems, which result from a large difference in the melting 
points of Al and Fe and the exothermic nature of formation of aluminides [113].  To 
utilize their excellent oxidation and corrosion resistance, Fe-Al intermetallic compounds 
have been employed as coatings, which are prepared by several coating techniques such 
as plasma (PS), high velocity oxy-fuel (HVOF), wire-arc and flame spraying. However, 
the severe oxidation of spray particles during conventional thermal spraying results in 
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high oxide content in the obtained coating and deteriorates the overall thermo-mechanical 
properties, oxidation and corrosion resistances [114]. 
 
Recently, the newly emerging cold spray (CS) process has been proven to be able 
to overcome several disadvantages of conventional thermal spraying due to its low 
processing temperature. The low temperature characteristic, high deposition rate as well 
as relatively low cost make the CS technique an efficient process for the fabrication of 
metals and composites [115]. Moreover, cold spraying of Ti, Ni and Al powder mixtures 
show that the dense composites can be produced using mixed powders and the 
consequent annealing treatment may lead to the intermetallic phase formation [116]. The 
deformation during the cold spraying process would disrupt any thin surface scale such as 
oxides and expose fresh, active material, which is brought into contact under highly 
localised pressure forming strong physical bonds. As a result, cold sprayed composites 
may be expected to form intermetallic coatings by post-spray annealing treatment at 
relatively low temperature. 
 
However, the use of this method requires precise control of the self-propagating 
high-temperature synthesis (SHS), which is utilized as one of the sources of heat during 
the sintering process [46]. SHS is very rapid and its strong exothermic nature causes 
unwanted porosity due to the local boiling of Aluminum at high temperature in the 
composite material structure [44]. Studies [44-46] show the great complexity of the 
phenomena taking place during the pre-sintering process correlated with the diffusion and 
phase transformation. The mechanism of exothermic phase transformation is strongly 
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correlated with many factors such as powder particle size, annealing temperature, heating 
rate and the chemical composition of the sample. 
 
1.7   Research Objective 
The overall goal of this study is to obtain, assess and understand the high-
temperature behavior and thermo-mechanical properties of intermetallic Fe-Cr-Co-Ni-Al 
coatings made by cold spray; investigate in depth the effect of the annealing treatment on 
the intermetallic compound formation and the microstructure evolution of cold sprayed 
composite coatings. 
 
The specific objectives can be summarised as follows: 
1. Develop intermetallic thermal barrier coatings obtained by combination of cold spray 
and reaction synthesis technology; 
2. Determine the thermo-mechanical properties of intermetallic TBC at ambient and 
engine exploitation temperatures and their variation after exposure to high 
temperature; 
3. Examine the microstructure of intemetallic TBC, characterize its evolution during all 
fabrication and testing steps and evaluate its influence on the thermo-mechanical 
properties of TBC. 
 
1.8   Organization of Dissertation 
This dissertation will report on the process that was followed in order to achieve 
the objectives and is outlined as follows: 
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1. Literature review of the work related to this study is provided in Chapter 2; 
2. Details of the experiment equipment and set-up are presented in Chapter 3; 
3. TBC design and associated technological development are explained in Chapter 4; 
4. Thermo-mechanical properties test results are provided in Chapter 5; 
5. Micro-structural examination and analysis are elaborated in Chapter 6; 
6. Conclusions of the findings and recommendations for the future work are discussed in 
Chapter 7. 
 
Any relevant information corresponding to the above topics are provided in the 
Appendices. 
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CHAPTER II 
REVIEW OF LITERATURE 
 
The following literature study focuses on three topics that are relevant to this 
study. The first is the analysis of TBC applications in internal combustion and HCCI 
engines particularly. The second is the analysis of the materials used for TBC, their 
selection and characterization methods. The third topic is the evaluation of TBC 
deposition techniques and combination of post-processing methods. 
 
2.1   TBC for Diesel and HCCI Engines 
Initial interest in applying TBC systems to diesel engines began in the mid-1980’s 
with the recognition of the benefits of lower component temperatures and the effect of 
lower heat rejection on engine performance [10].  Now, the TBCs for diesel engines still 
continue to be of interest due to the high benefit in engine efficiency and the continued 
rise in component temperatures in advanced engine designs.  Diesel engine performance 
analysis and modeling projected that the maximum benefits of TBCs would be obtained 
by applying the coatings to piston and cylinder head surfaces. The effects of the coatings 
on valves and cylinder liners were not projected to result in significant fuel economy 
improvements. Therefore, research efforts were concentrated on cylinder head and piston 
coating development [53].  With the insulation properties of known TBCs, diesel engine 
performance models predicted that the in-cylinder heat rejection would be reduced by 
38% and the fuel economy will be improved by 3 ~ 10% for turbocharged engines [53]. 
Application of TBC to HCCI engine can result in lower fuel consumption and lower 
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engine component temperature similar to that shown in standard diesel engine 
configuration [14]. Thermal insulation and lower temperature of HCCI combustion 
chamber facilitates the auto-ignition of air/fuel charge and eliminates the necessity of its 
preheating in order to induce HCCI cycle [76]. Moreover, lowering the temperature of 
the combustion chamber walls gives an opportunity for a better auto-ignition control at 
high engine loads, when excessive in cylinder pressure rise causes combustion noise, 
knock and sometimes engine damage. Since engine knocks mostly initiate at the 
combustion chamber walls where hotspots and large temperature gradient is most likely 
to occur [C. Sheppard et al., On the Nature of Auto-ignition Leading to Knock in HCCI 
Engines, SAE 2002], TBC application becomes a necessity in order to provide steady 
HCCI combustion mode. 
 
Since use of TBC allows the combustion temperature to be raised thereby 
obtaining increased thermal and fuel efficiencies, there is a demand for thicker TBC. 
Evaluations have shown that temperature drops through a standard YSZ 500 µm TBC is 
approximately 150 K, but in the case of 1.8 mm thickness it is 320 K when the initial 
surface temperature held at 1250 K [14]. However, peak operating temperatures, 
temperature gradient developed in TBC, and the mechanical loading found in diesel and 
HCCI engines due to the high pressure peaks combine together to result in high 
compressive stresses in TBC structure. This has resulted in relatively low hours to failure 
for diesel TBC applications, ranging from less than 100 hours for high performance 
piston applications to 2,000 to 3,000 hours for less highly stressed applications. However, 
the engine manufactures usually set the minimum engine run to be between 15,000 ~ 
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20,000 hours [53], so for high scale production, further improvement of durability for 
TBC is required. 
 
 One method to reduce stress in the coating is to reduce the thickness or increase 
the thermal conductivity of the ceramic, thereby reducing the temperature gradient and 
reducing the imposed stress state. However, this reduces the benefit of the applied 
coating, making it economically impractical to use. The second method to reduce the 
stress is to increase the thermal expansion coefficient thereby changing the stress state of 
the coating. This can be done by introducing an in-between coating layer with the 
intermediate value of the coefficient of thermal expansion, but it adds complexity to the 
coating processing and potential loss of low thermal diffusivity [13]. 
 
The issue with TBC durability is further complicated by the need to seal the top 
layer of the coatings to reduce the influence of the porosity in the ceramic to interact with 
the combustion process. It is thought that the air/fuel mixture for combustion is forced 
into the pore structure of the top coating layers on compression and would consequently 
not be directly available for combustion, thereby lengthening the burning time of the  fuel 
and decreasing the overall efficiency of the engine [10]. Various seal coating application 
methods have been tried, including changing the spray parameters to create dense 
ceramic layers on top of the TBC to novel glass 7Y2O3-ZrO2 coating structures [60]. 
However, problems encountered with these methods include cracking and chipping of the 
higher density ceramic layers rendering them ineffective from low-hour failures of the 
glass-type coatings (Figure 2.1). 
 
 21 
     
 
Figure 2.1 (a) - piston head with TBC coating 7Y2O3-ZrO2 + NiCrAl bond coat; 
  (b) - the same piston after engine test showing soot and cracks at the TBC [60]. 
 
The thermal loads acting on the piston top are superimposed by the mechanical 
loads induced during the engine work. The mechanical loads on the piston result from 
extreme pressure cycles with peak pressures up to 200 bar in the combustion chamber 
and huge forces of inertia caused the by extremely high acceleration during the 
reciprocating motion of the piston. However, thermal stresses, which are primarily 
generated by the high temperature gradients, are prevalent on the piston top. Since 
temperature distribution leads to thermal deformations and thermal stresses, the highest 
temperature of any point in the piston must not exceed more than 66 % of the melting 
point temperature of the piston alloy [62]. This temperature limit for the most common 
-a- -b- 
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piston alloy A413 (Al-12Si) is about 640 K. Table 2.1 summarizes typical component 
temperatures and induced stresses for diesel engines [14]. 
TBC Type Peak Surface Temperature, K 
Temperature 
Gradient 
Through Coating, K 
Relative Mechanical 
Stress, % 
Diesel, 1 mm TBC 975 200 20 % of thermal 
stress 
Diesel, 3.5 mm 
TBC 1075 400 
30 % of thermal 
stress 
 
Table 2.1 Operating temperatures and stress states comparison of TBC for diesel engines 
 
During engine cycle the heat is transferred from the hot gases to the piston top 
surface and then conducted to the other side of the piston. Then the heat is transferred to 
the other parts of the engine contacting the piston such as rings, cylinder liner, pin and oil 
cooling jets. The modeling results on Figure 2.2 show heat flux variation and temperature 
fluctuation during one engine cycle. 
 
       
Figure 2.2 (a) - piston top surface heat flux variation during one engine cycle; 
  (b) - temperature fluctuation on the piston top surface during one engine cycle [62]. 
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gases. Moreover, other heat sinks like rings and underside oil cooling 
piston surface to be cooled down. During combustion, the heat is subjected to the piston 
surface. At the end of the cycle, although the temperatu
(Figure 2.3 a), the other heat sinks cause the piston surface to cool down.
 
Figure 2.3 (a) - comparison of the gas temperature on the 
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  (b) - piston top surface temperature 
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Since the temperature of the burnt gases is about 2500 K at the end of combustion 
and 700 K just before it, the thermal fatigue of TBC as well as the level of thermal 
stresses seem to be the main parameters defining the coating life. 
 
 
 Figure 2.4 Schematic illustration of temperature and stresses developed in TBC 
   when subjected to heating– cooling cycle: 
  (a) – thermal shock scheme; 
  (b) - thermal gradient in TBC resulting from high heat flux; 
  (c) – thermal stresses induced in TBC and piston at high temperature. 
 
As shown by [70], when a thick TBC is subjected to a high heat flux (Figure 2.4), 
the TBC experiences a thermal gradient through its thickness. As a result, thermal 
stresses develop due to the mismatch in thermal expansion within the TBC and between 
the TBC, bond coat and substrate. The heat flux causes a “hot zone” near the coating 
surface. This “hot zone” attempts to expand more than the surrounding cooler coating, 
which causes the surface of the TBC to be in compression. At high enough temperatures, 
these compressive stresses relax with time due to the thermally activated time-dependent 
viscous-plastic behavior of the TBC. This results in compressive stresses at the surface of 
the TBC becoming smaller with time. Once the heat flux is removed, the stress relaxation 
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experienced by the TBC prevents it from returning to its initial state, instead placing the 
TBC under tensile stresses. The latter cause surface cracks to nucleate and grow. One 
primary surface crack often develops at the center of the hot zone, which is also 
sometimes accompanied by side surface cracks. During cooling, a tensile stress gradient 
develops through the coating thickness due to the temperature gradient. Additionally, a 
tensile stress gradient develops at the interface due to CTE difference between substrate 
and coating [61]. Analysis of modeling data (Figure 2.5) [61] reveals a decrease of σxx 
and τxy stresses due to the diminishing of mismatch, i.e. CTEsubsrate / CTEcoating ratio. The 
dashed lines show an approximation of the function up to σxx = 0, τxy = 0. Based on this 
approximation, it seems possible to decrease the tensile stress gradient by changing the 
CTE ratio to values less than 1:  CTE ratio of Fe3Al / Al verges towards 0.8 ~ 1.0 at 
temperatures 500 ~ 700 K (Figure 2.6). 
 
Figure 2.5 Variation of stress ratios with the increase of thermal expansion mismatch on the 
  coating – substrate interface  [61] 
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Figure 2.6 Variation of thermal expansion and coefficients of thermal expansion of YSZ 
  ceramics, Fe3Al intermetallics and Al-Si alloys with the temperature increase  [61] 
 
The major mechanisms of low-hour (<5000 hours) failures identified for TBCs on 
diesel engine components are surface-initiated fatigue due to compressive bending loads 
and surface-initiated tensile failures resulting from creep under compression at operating 
temperatures [70].  By varying the mean compressive stress in fatigue, it has been shown 
that there is a region in the compressive stress range where the coating can be safely 
cycled. By designing a graded coating structure to maintain the desired compressive 
mean stress in the top coating layer, bending fatigue failures can be avoided [59]. 
 
2.2   Overview of TBC Compositions and Properties 
While the primary function of TBCs is to act as thermal insulation, the engine’s 
extremely aggressive thermo-mechanical environment demands that TBCs also meet 
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other severe performance constraints. In particular, to withstand the thermal expansion 
stresses associated with heating and cooling the coatings must be able to undergo large 
strains without failure and have a thermal expansion coefficient similar to that found in 
the substrate or bond coating. This strain compliance is typically conferred through the 
choice of coating composition, incorporation of porosity in the microstructure or 
refinement of the microstructure of the coating. Another requirement is that the material 
must not undergo phase transformations in the range of the exploitation temperatures 
which are usually accompanied by volume changes which diminish the strain 
compatibility and reversibility of the coating, and therefore its ability to withstand 
repeated thermal cycling [11]. Practical TBC materials for diesel engines must also be 
able to resist erosion, which calls for high resistance to fracture and deformation, and the 
coatings must be able to withstand prolonged high temperatures in an oxidizing 
atmosphere.  To satisfy these requirements, refractory oxides and intermetallics are the 
focus of the search for new and alternative TBC materials. As shown by David R. Clarke 
and Simon R. Phillpot [11], another less obvious requirement is that the coating material 
is thermodynamically compatible with the oxide formed by oxidation of the bond-coating 
or substrate. While failure to meet any of the above performance criteria can make any 
potential material unusable as TBC, suitable thermal transport properties and thermal 
expansion coefficients remain the first design criterions that must be met. 
 
The diagram of thermal conductivity, k vs. thermal expansion coefficient a 
(Figure 2.7), shows that there are numerous crystal structures known to material science 
and each of them can be formed from several different elements. 
 
  Figure 2.7 Thermal conductivity, 
   thermal barrier materials [11]
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k vs. thermal expansion coefficient
 
2 based thermal barrier materials is not 
significant mismatch between top TBC layers and 
steel, iron or aluminum alloys with a ≈ 15 ~ 
 focused on exploring compounds
als [14] and 
hermo-mechanical properties of alternative TBCs 
 similar to those shown in Figure 2.7 and Table 2.2.
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TBC are those minerals with
), spinel (MgAl2O4), perovskite (e.g., SrZrO3) or 
11O19). Their complex structures and especially high
al diffusivity, α vs. thermal conductivity, k diagram for thermal
 [1, 11, 13, 14, 15] 
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Property ZrO2 Al2O3 SG Al-12Si NiAl NiCrAlY NiCoCrAlY 
E (Gpa) 139 340 168 76 103 208 271 
ν 0.26 0.23 0.31 0.3 0.17 0.17 0.17 
α (K-1) 10.8x10-6 8.1x10-6 13.7x10-6 21.2x10-6 14.6x10-6 12.7x10-6 21.5x10-6 
ρ (kg cm-3) 5900 3780 7289 2660 5800 8210 10480 
k (W m-1 K-1) 2.2 24 48.9 150 5.3 95 106 
Cp (J kg-1 K-1) 460.6 1080 418.4 977 593 468 665 
 
Table 2.2 Properties of the coatings and substrate materials [61]. 
 
melting points show promising thermo-mechanical properties [16]. Previous 
investigations showed good physical properties of these materials, i.e. thermal 
conductivity comparable or lower than YSZ and high thermal stability [12, 16]. However, 
the thermal expansion coefficient is typically lower than that of YSZ, which leads to 
higher thermal stresses in the TBC system as both substrate and bond coat have higher 
thermal expansion coefficients (~ 15·10-6 K-1). Thus the challenge of the significant 
mismatch of thermal expansion coefficients for substrate and TBC affect the coating 
durability. In addition, low toughness values are observed in those materials [16]. 
 
Fe-Al intermetallics have been well studied as structural materials [47]. To this 
extent, Fe-Al intermetallics were expected to replace stainless steels in many engineering 
applications. However, this effort has been less than successful mainly because of the 
brittle fracture tendency and low ductility of Fe-Al at ambient temperature. However, an 
important feature of Fe-Al intermetallics is their ductility at high temperatures. Authors 
[52] show the microstructure of Fe3Al-5%Cr alloy following the straining at 1075 K and 
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1175 K displays elongated primary grains with clear boundary migration (Figure 2.9 a). 
The creation of sub-grains with single dislocations and the effects of cell formation are 
apparent in the substructure (Figure 2.9 b). This means that the Fe-Al based coating 
structure has much better resistance for cracks propagation than ceramic YSZ coatings. 
 
    
 
Figure 2.9 (a) - Fe3Al-5%Cr alloy following the plastic strain at 1075 K at the rate of 0.1s-1 ; 
  (b) - Fe3Al-5%Cr alloy following the plastic strain at 1175 K at the rate of 0.1 s-1 [52]. 
 
 Figure 2.10 Thermal expansion coefficient, a vs. temperature for Fe3Al-5% Cr [15] 
   and Fe-40%Al [17]. 
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The results of A. Rudajevova and V. Sima [15] reveal the linear expansion 
coefficients of Fe3A1-5% Cr intermetallics are in the range of Al alloys (Figure 2.7). The 
coefficient of thermal expansion, a, exhibits a rising trend with temperature increase with 
the peak in the range of 700 K due to phase transformation (Figure 2.10). The absolute 
values of a are higher than a of Al-13%Si [1].  Thus, application of Fe3A1-5% Cr 
intermetallic based TBC is believed to obtain compression stresses in the coating during 
heating. The iron-aluminum phase diagram [18] exhibits several intermetallic phases at 
varying compositions and temperatures. Two ordered phases namely B2 and DO3 
predominate the field with stability over a wide range of composition. The DO3 phase of 
stoichiometric Fe3Al undergoes a gradual transition towards the crystalline B2 phase with 
the increasing Al composition attaining FeAl stoichiometry. Thermo-physical properties 
of these phases as the constituents of TBCs are similar. This presents an opportunity to 
obtain intermetallic based TBCs with a complex and relatively stable phase structure. The 
thermal expansion coefficient of Fe-40%Al phase (Figure 2.7) is lower than those of 
Fe3Al. Nevertheless, it is higher than a for Al and Al alloys [19]. 
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Figure 2.11 (a) – thermal conductivity, k vs. temperature of oxide based TBCs [11]; 
  (b) - thermal conductivity, k vs. temperature of Fe3Al-5% Cr [15] and Fe-40%Al [17]. 
 
The data for TBCs thermal conductivity, k, dependence on temperature for 
ceramic coatings are shown on Figure 2.11 a.  Whilst thermal conductivity, k, of 
intermetallic compounds increases with temperature (Figure 2.11 b), ceramic TBCs 
exhibit a decline (Figure 2.11 a). However, in the range of the diesel combustion chamber 
temperature 300 ~ 800 K the increase of k is about 5 ~ 6 W/mK, which can be taken into 
account during the optimization of the coating’s overall thickness. 
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Another main criterion of TBCs is thermal diffusivity, α which describes the rate 
at which heat flows through a material, typically measured in mm²/s.  The diagram 
showing thermal diffusivity, α dependence on thermal conductivity, k for MTBC [13], 
intermetallic based [15,17] and quasicrystalline [14] materials is shown in Figure 2.8. 
The data reveals that the rate of heat flow through the material is an important thermo-
physical parameter which actually describes the potential of TBCs. The choice of 
relatively cheap and effective TBCs for diesel engines is believed to be made in the area 
of MBTBC, quasicrystalline and intermetallic coatings. Whilst the MBTBC and 
quasicrystalline coatings have the exploitation temperature limit at ~ 950 K, Fe-Al-Cr 
intermetallics are thermodynamically stable at this temperature range and have better 
ductile properties [17]. Iron aluminides have been a subject of renewed attention in the 
recent past. The desired oxidation and corrosion resistance, high melting point, low 
material cost and low density characterize these materials as potential candidates for 
several high temperature structural applications in heat treating, automotive and power 
generation industries [16], so the development of Fe-Al based intermetallic deposition 
technology will make it possible to obtain ductile corrosion resistant TBCs with higher 
thermal expansion coefficients than those of Al and Al alloys. 
 
2.3   Overview of TBC Deposition Technologies 
Today numerous surface treatment procedures are used to modify the surface 
properties of various materials without altering their bulk characteristics.  These 
techniques are used within industrial environments to improve resistance to corrosion, 
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wear, fatigue and heat.  In order to properly analyze and distinguish between these 
methods, it is first necessary to differentiate between thin and thick layers. Thin coatings 
have been developed on a considerably wider scale.  These include techniques such as 
Chemical and Physical Vapor Deposition (CVD and PVD). Their thicknesses, being 
generally less than a few micrometers, have no direct effect on the mechanical 
characteristics of the treated material; they do not alter such aspects as yield strength or 
ultimate tensile strength of the material. In the case of CVD and PVD the characteristics 
of the coating are quite similar with respect to thickness, density and surface finish. This 
is in contrast to those thermal spraying techniques whose coatings are generally thick, 
prone to porosity and have rough finishes. Due to the properties of the coatings that they 
produce, the vapour deposition techniques are of the most interest for TBC applications. 
 
2.3.1 Chemical Vapour Deposition (CVD) 
Currently the term CVD has been developed to include a wide range of 
technologies that vaporise a metal while simultaneously combining it with a carrier gas 
and using chemical reactions at the substrate to bond a coating to it. A general schematic 
of the CVD process is shown in Figure 2.12. Generally there are four stages during 
deposition: formulation of the reactant vapour, transport of this vapour, chemical reaction 
between the vapour and the heated substrate, and finally removal of by-products. These 
must be carried out in a container vessel or reactor due to the volatile nature of the 
chemicals involved. The pressure within the vessel is either at or below atmospheric. The 
temperatures within the reactor can reach up to 1700 K depending on the specific process 
underway [119]. 
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 Figure 2.12 Schematic of CVD process 
 
The coatings deposited by CVD contain few pores and defects and are very dense, 
almost reaching 100%. CVD coatings are thicker than those deposited using PVD 
ranging from 10 µm to 1 mm. Coating properties depend on the materials, the deposition 
temperature, the pressure within the vessel, the type and flow rate of the carrier gas. A 
very wide range of materials can be deposited using this technique ranging from nickel 
and chrome to the refractory type metals. The latter are used extensively with this process 
to improve the mechanical, thermodynamic or electrical properties of a substrate. One 
area of advancement in this technology has focused on reducing the operating 
temperature of the process, therefore allowing different substrates to be used. One 
successful example is the plasma assisted CVD (PACVD). It brings a significant 
reduction in the substrate temperatures, however there is also a significant reduction in 
the operating pressure and hence the rate of deposition is decreased. It has also 
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advantages in covering complex geometries and sharp edges, but its higher level of toxic 
products might be problematic. 
 
2.3.2 Physical Vapour Deposition (PVD) 
PVD is a very attractive process for applying coatings and has a wide range of 
applications, for example: wear resistance, corrosion resistance, electronic and optical 
uses. Other desirable characteristics are the lower process temperature and the wide range 
of materials that can be deposited. However, one drawback is that the deposition can be 
carried out in a single direction only, namely the line of sight, and hence very 
complicated geometries cannot be coated evenly [119]. There are a number of different 
methods to achieve PVD all of which operate by vaporising a material, transitioning 
atoms towards a substrate followed by the subsequent deposition of material. One of the 
oldest and most widely used processes is the method of vacuum evaporation. For this 
process a current is passed through the target we want to evaporate and through Joule 
resistance heating the material is vaporised. There are limitations on the materials that 
can be deposited though. A more versatile form of PVD is the sputtering form of 
deposition, as depicted in Figure 2.13. To produce the vapour a target of the coating 
material is bombarded with ions. The kinetic energy of these ions is such that when 
impact occurs coating atoms are ejected from the target and sent towards the substrate. 
The general operating conditions for PVD are: low operating temperature generally from 
500 to 600 K, as the vapour is produced without heating of the target; very low pressure 
in the reactor, in the range of 0.5 ~ 1 Pa; deposition speed is in the range of ~ 0.1 µm/min. 
This slow rate of deposition has been greatly improved by the advent of the magnetron 
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source. In addition to these variables, the method of ion production will have a bearing on 
the coatings produced. There are three main methods of ionising the gas within the 
reactor: DC diode, RF and magnetron. It has been found that among those three the 
magnetron is the most efficient and produces the best results. 
 
 
Figure 2.13 Schematic of PVD process 
 
One of the main advantages of this system is the very wide range of materials that 
can be deposited due to the method of vapour production, i.e. liberating atoms from the 
surface through ion bombardment. Materials range from standard nickel and chrome 
coatings to deposition alloys, ceramics, oxides and other compounds (e.g. TiN). This 
method is also capable of producing coatings of some polymers. Due to the low 
deposition temperature it is possible to coat a wide variety of substrates. Coatings that are 
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produced are thin, very dense, and can have very good surface finish, although this is 
dependent on the quality of the substrate surface finish. 
 
2.3.3 Plasma Spray 
Plasma spray is the most versatile of the thermal spray processes. Plasma is 
capable of spraying all materials that are considered sprayable. In plasma spray devices, 
an arc is formed in between two electrodes in plasma forming gas, which usually consists 
of either argon - hydrogen or argon - helium. As the plasma gas is heated by the arc, it 
expands and is accelerated through a shaped nozzle, creating velocities up to MACH 2. 
Temperatures in the arc zone approach 20,000 K. Temperatures in the plasma jet are still 
high (~ 10,000 K) several centimeters from the exit of the nozzle. 
 
 
 
Figure 2.14 Schematic of Plasma Spray 
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Nozzle designs and flexibility of powder injection schemes, along with the ability 
to generate very high process temperatures, enables plasma spraying to utilize a wide 
range of coatings. The range goes from low melting point polymers such as nylon, to 
very high temperature melting materials such as refractory materials including tungsten, 
tantalum, ceramic oxides and other refractory materials. Typical applications of plasma 
spray coatings are commonly found is in jet engines. Jet engines literally contain 
hundreds of components that are plasma sprayed. A commonly used coating in jet 
engines is produced with yttria stabilized zirconia (YSZ). This coating provides high 
temperature protection to components that are exposed to combustion gases. The thermal 
protection allows the component to last longer and run at higher temperatures, which 
improves the system's overall performance efficiency. 
 
2.3.4 Flame Spray  
Flame spray is divided into three subcategories based on the form of the feedstock 
material: powder, wire or rod flame spray. Flame spray utilizes combustible gasses to 
create the energy necessary to melt the coating material. Combustion is essentially 
unconfined, in that there is no extension nozzle in which acceleration can occur. 
Common fuel gases include hydrogen, acetylene, propane, natural gas, etc. The lower 
temperatures and velocities associated with conventional flame spraying typically still 
result in oxides, porosity and inclusions in the coatings. With the ability of flame spray to 
process wire, rod or powders, a wide variety of materials can be incorporated into 
coatings using this technology. Both high melting point materials, such as oxide 
ceramics, as well as lower melting point materials can be flame sprayed. Some flame 
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spray devices are designed to mainly deposit polymers such as nylons and polyesters to 
create very low porosity plastic coatings. 
 
 
 
Figure 2.15 Schematic of Flame Spray 
 
An excellent use for flame spray is for producing spray and fuse coatings. These 
coatings are used where good wear resistance and excellent impact resistance are 
required, such as with agricultural harvesting components and oil drilling parts. A spray 
and fuse coating is produced by first depositing a wear resistant material using flame 
spraying. The coating material is designed to have lower melting point, like a brazing 
material, than the metallic substrate it is deposited onto. After the coating is deposited the 
part and coating are heated to a temperature between its solidus and liquidus temperatures 
and it fuses (brazes) to the part creating a tenacious metallurgical bond. The majority of 
the porosity in the coating is also eliminated resulting in a dense, very well bonded 
coating. 
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2.3.5 High Velocity Oxy-Fuel Spray (HVOF) 
High-velocity oxy-fuel (HVOF) devices are a subset of flame spray. There are 
two distinct differences between conventional flame spray and HVOF. HVOF utilizes 
confined combustion and an extended nozzle to heat and accelerate the powdered coating 
material. Typical HVOF devices operate at hypersonic gas velocities, i.e. greater than 
Mach 5. The extreme velocities provide kinetic energy which help produce coatings that 
are very dense and very well adhered in the as-sprayed condition. 
 
 
 
Figure 2.16 Schematic of HVOF 
 
HVOF is most commonly used to produce wear resistant coatings such as cermets 
(ceramic and metal mixes), tungsten-carbide, etc. Coatings of this type have wear 
resistance similar to sintered carbide materials. Because HVOF produces very dense 
coatings (porosity levels typically less than 0.5%), it can be used to produce very good 
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corrosion resistant coatings made from materials such as Inconel, Stellite, stainless steel 
and ceramics. 
 
2.3.6 Electric Arc Spray 
Even though electric-arc spray, like flame spray, has been around for a long time, 
it still remains a very powerful thermal spray technology. Electric-arc spray uses a 
simple, low power arc drawn between two electrically charged wires. Arc spray 
equipment resembles GMAW or MIG welding equipment in the power source and wire 
feeding units. Common arc spray units are capable of spraying iron and copper alloys at 
rates up to 18 Kg/hr using only 12 kW of electricity. Electric arc spraying produces the 
fastest coating rates of any other coating technology. Electric arc spray devices are 
thermally efficient and, because there is no flame or plasma, little heat is transferred to 
the part being coated. 
 
 
 
Figure 2.17 Schematic of Electric Arc Spray 
 44 
Electric arc spray is limited to materials that are electrically conductive and can 
be made into wire form. It is possible to spray some materials that cannot be made into 
wire, by incorporating them into the core of hollow conductive wires. Materials such as 
carbides have been successfully deposited with electric arc spraying using cored wire 
technology. The carbide materials are then deposited with the metal wire housing to 
provide improved wear resistance as cermet (ceramic / metal composite) coatings. A 
common application for electric arc spray is in the automotive industry. The technology 
is used to replace lead to hide seams between body panels, by filling the gap with metal 
and then finishing coating smooth to hide the seam. The technology has been used to coat 
large objects such as bridges, where aluminum and zinc are deposited to provide 
corrosion resistance. Electric-arc spraying has also become a tool for artists in the 
creation of sculptures. 
 
2.3.7 Cold Gas Dynamic Spray (Cold Spray) 
Cold spray is the newest of the thermal spray processes and is mainly found in 
research labs at this stage of technology development. Cold spray is technically not a true 
thermal spray process because it does not use thermal energy as the primary energy 
source to melt materials. Instead cold spray utilizes kinetic energy to project particles 
onto a surface through convergent – divergent De-Laval nozzle, which allows 
accelerating the particles up to ~200 – 1200 m/s (Figure 2.18) [12]. Metal powders 
ranging in size from 10 to 60 µm are introduced by means of a pressurized powder feeder 
into the high pressure, high temperature chamber prior to the nozzle and subsequently 
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accelerated by a supersonic gas stream (Figure 2.19). Gas flow in the divergent part of de 
Laval nozzle is described by Mach equation: 
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   V         –            gas velocity; 
   Vs            –             sound velocity. 
 
The high velocities of the process cause plastic deformation of the particles on 
impact, which in turn creates very dense coatings. Cold spray is presently limited to a 
narrow set of materials which are known to be strain rate sensitive within strict limits 
[32]. Some of the materials that have been successfully cold sprayed include copper, 
aluminum, titanium and some cermets. Since cold spray is processed at low temperature, 
the properties of the coatings produced do not contain additional oxides resulted from the 
spray process. Materials like copper can have properties after cold spraying close to 
wrought copper because of the minimal oxidation present and the close contact between 
particles. 
 
   
 
Figure 2.18 Schematic of De
  Fluent 
 
 
Figure 2.19 Schematic of Cold Spray
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Applications that require excellent electrical conductivity or superior corrosion resistance 
are the areas of greatest interest. 
 
It has been demonstrated that a dense coating can be deposited by cold spray if 
the spraying conditions contribute to particle velocities that exceed the critical particle 
velocity, which is the velocity that provides the deposition efficiency more than 90% 
[39]. The particle velocity, on the other hand, is determined by the operating pressure, gas 
temperature as well as by nozzle design [35, 36]. Moreover, feedstock material 
parameters such as density, particle size and morphology influence the acceleration and 
subsequent deposition behavior of the particles [37, 38]. For particularly soft materials 
like Al, Cu, Zn, etc., the phenomenon of particle penetration during cold spraying of hard 
powders into the soft substrate is described by S.P. Kiselev [42]. In general this effect 
occurs when the powder particles are accelerated up to velocities above MACH 3. During 
the impact typical pressures ~10 GPa prevail on the particle / substrate boundary. During 
that time some particles with diameters up to ~ 100 µm penetrate far into the substrate. 
Penetration distances equal ~ 4 – 5 diameters of the particle [43]. This effect is called 
super deep penetration (SDP). Behind penetrating particles, the material of the substrate 
collapses and thereafter contains a significant level of plastic deformation [42]. The 
region characteristic of super-deep penetration is marked by the abbreviation SDP in 
Figure 2.20 which represents the areas of cold spray applications depending on the 
particles size and their average speed in the nozzle. The overall thermal spray technology 
differentiation based on the spray stream characteristics is given in Figure 2.21. 
 Figure 2.20 Different types of cold spray techniques 
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CHAPTER III 
EXPERIMENTAL SETUP AND METHODOLOGY 
 
The experimental setup and methodology were varied for each stage in the 
research program to best meet specific test objectives. The aspects of the setup and 
methodology that remained constant throughout the full research program are described 
in this section. Experimental details specific to individual tests are described in 
subsequent sections, when relevant. 
 
3.1   Cold Spray Equipment 
The UofW Cold Spray (CS) lab utilizes a CenterLine Supersonic Spray 
Technologies (SST) robotic spraying system customized for both manual and complex 
automated tasks.  This system provides consistent and repeatable programmable motion. 
Its configuration includes: 0.8 m x 0.4 m x 0.4 m 3-Axis Cartesian robot with accuracy of 
~ -/+ 0.01mm; SST automatic spray gun with 6 mm nozzle, 3.8 kW heater providing gas 
temperatures up to 1000 K; low pressure powder feeding system; computer interface; 
power supply and control unit with graphical HMI; air regulator and filtration equipment; 
10 hp downdraft water filtration dust collection system with guarding and door interlock 
(Figure 3.1). 
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Figure 3.1 Experimental setup of SST equipment for spraying of TBC. 
 
3.2   Coating Deposition 
A set of serial production aluminum pistons grade A13 from a standard Kubota 
D905 engine was chosen for TBC application. Standard powders were used to make the 
thermal barrier coatings on the pistons. They are commercially available SHS-717 (Fe-
25Cr-8Mo-10W-5Mn-5B-2C-2Si) stainless steel powder produced by Nanosteel 
Company; AMS-4777 (Ni-7Cr-3B-5Si) and A-4783 (Co-20Cr-18Ni-5W-1B-8Si) metal 
alloy powders from Carpenter Technology Corporation; and Al-101 pure aluminum 
powder supplied by Atlantic Equipment Engineers Ltd. The spray experiments were 
carried out using the CenterLine SST robotic spraying system using off-line robot 
programming software Delmia 3-Axis Surface Machining to define a tool path for the 
piston crown profile (Figure 3.2). Parameters for each coating layer were developed and 
used for the graded transitions. To improve the homogeneity of the coating thickness, 
roughness and waviness, tryouts for the coatings were made on steel plates 1 mm thick, 
25 mm wide, 125 mm long; the nominal thickness of the whole coating was 1 mm. 
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Figure 3.2 (a) – example of the piston with cold sprayed TBC; 
  (b) - piston fixture used for both machining and spraying operations. 
 
A specially developed tooling rig was made to secure the piston and facilitate its 
processing. This configuration allowed for an easy development of the robot program that 
was used for both machining and spraying operations of the final coating, since there was 
no need to cut a piston after each coating deposition and the shape of the final surface 
was representative of the real piston. The thickness was measured directly from the 
perimeter of the ring grooves. Prior spraying, the pistons were ground to compensate for 
the coating thickness and to get the same combustion chamber volume as on standard 
ones. Further preparation of the pistons included: degreasing with acetone; masking the 
sides with tape and grit blasting the top surface; mounting the pistons in the special 
fixture making sure they would not come into contact with any coating except for the top 
portion; application of five separate base Aluminum coats, with five layers of metal alloy 
coatings in between and a metal alloy topcoat; removal of the piston; grinding the edge 
-a- -b- 
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for a better finish. A total number of five pistons were sprayed; one of them was used for 
metallographic analysis. 
 
3.3   Coating Post Treatment 
The second stage in the coating process was a heat treatment which allowed for 
the alloying of aluminum and stainless steel components and the formation of 
intermetallic phases. The as-sprayed multilayer coatings were annealed at temperatures of 
775, 800, 825, 850, 875, 900 K, respectively for four hours in a Carbolite tubular furnace 
in Nitrogen atmosphere at a heating rate of 15 K/min. Three samples were used for each 
annealing temperature and all samples were furnace cooled without cooling rate control. 
Annealing temperatures were all below the melting point of Aluminum ~ 935 K in order 
to avoid the formation of molten aluminum and to investigate the intermetallic 
compounds formation by solid state diffusion between Aluminum and stainless steel 
particles. 
 
3.4   Coating Characterization 
The multilayer coatings obtained from the application of three different types of 
metal alloy powders and Aluminum as a base element were tested to determine their 
adhesion, hardness, thermal conductivity, coefficient of thermal expansion (CTE), 
thermal fatigue, microstructure and phases. All specimens in as-sprayed condition and 
annealed at the corresponded temperature were grouped together in order to determine 
the change in their properties and their microstructure evolution.  Part of the specimens 
were cut across, molded into epoxy packs and polished on Buehler equipment in order to 
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measure the layered structure topography, porosity, hardness, evaluate microstructure and 
composition using an optical microscope Leica DMI 500, a scanning electron microscope 
(SEM) FEI Quanta 200 FEG equipped with energy dispersive spectroscopy (EDS). 
 
3.4.1   Adhesion Testing 
A fully automated tensile testing system, Zwick / Roell Z150, was employed to 
evaluate the coating adhesion strength in accordance with the widely used tensile 
adhesion test standard ASTM-C633 [Standard test method for adhesion or cohesion 
strength of thermal spray coatings, ASTM Standard C 633-01, ASTM, West Conshocken, 
PA, USA, 2001] (Figure 3.3 a). In this test the coated sample in the shape of a cylinder ∅ 
25.4 mm × 25.4 mm long is glued to an uncoated similar counterpart which was just grit 
blasted and then tested with the universal testing machine. The adhesive used in the 
adhesion test was the F-1000 adhesive film from Cytec Industries Inc. cured for 1 h at 
450 K and 50 N of pressure. The value of the tensile load, in which the separation of the 
coated – uncoated parts occurs, is registered and transformed in an adhesion value or the 
bond strength by calculating the load / area relation. The failure region indicates the type 
and characteristic of the failure according to Figure 3.3, which shows a simple coating 
system. In the case of multilayer TBC the coating cohesive failure could be located 
between layers of the coating; adhesive failure would be at the Aluminum / substrate 
interface. Naturally some failures occur in combination, for instance, starting in a weak 
region and then propagating across the coating thickness. 
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3.4.2   Hardness Testing and Determination of the Elasticity Modulus via Micro-Indentation 
Micro-hardness measurements (HV) were performed on the mounted specimens 
with a Vickers diamond indenter (Figure 3.5) to evaluate the coating and substrates 
hardness after cold spraying and annealing within the context of the mechanism based on 
the strain gradient plasticity theory. This is realized by exerting the force which is  
 
       
 
Figure 3.3 The tensile test set-up and the adhesion specimen typical failures: 
  (a) – failure in the glue representing poor test set-up ; 
  (b) – cohesive failure within the coating; 
  (c) – adhesive failure at the coating / substrate interface. 
 
increasing at a constant rate and the indentation depth is automatically measured as the 
indenter is pressed against the specimen. This allows a dynamic measurement of changes 
that occur in the specimen due to resistance to the deformation during the indentation 
process. During the indentation a Shimadzu DUH-W201S hardness tester measures 
dynamic hardness (DHV) and evaluates the hardness that corresponds to both plastic and 
-a- 
-c- -b- 
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elastic deformation. Also, if the indentation size is large enough to be observed with a 
microscope, hardness can be calculated using just the plastic deformation by measuring 
the diagonal length of the indentation as shown on Figure 3.5. 
 
The schematics of the Shimadzu DUH-W201S hardness tester used in the 
experiment are represented in Figure 3.4. 
 
 
Figure 3.4 Shimadzu DUH-W201S micro-hardness tester: 
1 - hardness tester; 2- specimen X–Y stage; 3 -  HV pyramid  indenter; 4 - 
objective lens X10; 5 - objective lens X50;  6 – eyepiece; 7 - micrometer head; 8 
- prism sliding knob; 9 – level; 10 - level adjustment screw; 11 - stage elevating 
handle; 12 – revolver; 13 - index knob; 14 - rear panel; 15 - optical head; 16 - 
elevating table; 17 - length reading switch; 18 - indenter protection cover. 
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Figure 3.5 Vickers hardness indenter based on diagonal length 
 
The relationship between test force and indentation depth during the indentation 
process can be used to evaluate hardness, elastic modulus and amount of work done in 
accordance with ASTM E384–11e1. Definition of indentation elastic modulus Eit states 
that Eit is obtained from the inclination of the tangent used to calculate the indentation 
hardness Hit, which is equivalent to Young's modulus (Figure 3.6 a): 
EiEitEr
is
22 111 νν −
+
−
=
                                                                                     (3.1) 
where:              Er – converted elastic modulus based on the indentation contact; 
  Ei – Young’s modulus for indenter (1.14*1012 N/m2); 
  νi – Poisson’s ratio for indeter (0.07) 
  Eit – indentation elastic modulus 
  νs – Poison’s ratio for specimen. 
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Definition of the mechanical work performed by indentation is the total 
mechanical work Wtotal done in indentation which corresponds to the amount of plastic 
deformation Wplast, and the amount of elastic deformation Welast, that is restored when the 
test force is withdrawn. This work is defined by Wtotal = ∫ Fdh , (Figure 3.6 b) and the 
plastic portion is determined as 
  
%
total
elast
it W
W
=η
                                                                             (3.2) 
 where:           Wtotal =Welast + Wplast . 
 
 
    
 
Figure 3.6 Example of Shimadzu DUH-W201S loading – unloading diagram and determination of: 
  (a) –  elastic modulus Eit which is equivalent to the Young’s modulus; 
  (b) – elastic and plastic deformation work. 
 
3.4.3   Determination of Thermal Conductivity, Diffusivity and Specific Heat 
Laser flash method is a standard testing method to measure a material’s thermal 
diffusivity, α, which is utilized in Netzsch LFA-447 light flash analyzer with accordance 
to ASTM E1461-01. In this instrument a high performance Xenon flash lamp takes the 
-a- -b- 
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place of the laser, which is usually employed for this proven technique. The thermal 
conductivity, k,  is calculated then by using the following equation: 
      	
                                                            (3.3) 
where:             k(T) –  thermal conductivity at constant temperature T ; 
  α(T) -  thermal diffusivity determined by light flash analyzer; 
  Cp   -  material specific heat ; 
  ρ      -  material density. 
 
The instantaneous pulsed light source heats up the front surface of the sample and 
the temperature, which rises as a function of time of the rear surface, s is recorded by 
using an infrared detector. The light flash method can be applied to determine the thermal 
diffusivity values in the range from ~10-7 to 10-3 m2/s and in a wide range of temperatures 
from ~75 K to 2800 K. A schematic of the flash method is presented in Figure 3.7. 
 
 
 
Figure 3.7 Schematic of light flash method utilized in Netzsch LFA-447 
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The test method was developed and performed by Parker et al. in 1961 [74]. Their 
physical model is based on the thermal behavior of an adiabatic slab material, initially at 
constant temperature. The model assumes one dimensional heat flow though a composite 
wall composed from n number of slabs made of the same material, no heat losses from the 
slab’s surfaces, uniform pulse absorption at the front surface, infinitesimal short pulse, 
homogeneity and isotropy of the slab material. The initial temperature distribution within 
a thermally insulated solid of uniform thickness is given by the following equation: 
,     , 0  ∑ exp   ! " #$%  cos )   , 0 cos )        (3.4) 
where:            T(x,t) – the temperature within solid slab at the distance, x from 
  the front face and at the time, t of the heat propagation  (K); 
  α – thermal diffusivity 







 2
s
m ; 
  L – solid wall total thickness  (m). 
 
If a pulse of radiant energy is instantaneously and uniformly absorbed in small 
depth, g at the front surface x = 0 of a thermally insulated solid of uniform thickness L, 
the temperature distribution is given by the following equations: 
 , 0  *+,-.                  for    0 < x < g                                              (3.5) 
 , 0  0                       for    g < x < L                                             (3.6) 
where:             Q  -  pulse radiant energy  /0#; 
  ρ  -  density 1.02#; 
  Cp  -  heat capacity  /1. 3#. 
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With this initial condition we can write Equation 3.4 as follows: 
,   *+,- 41  2∑ cos  )  $% 789:;<= # :;<=  exp >    #?                   (3.7) 
For this particular case, since g is a very small number for opaque materials, then 
sin  . # ≈  .  . At the rear surface, x = L and the temperature distribution is: 
  B,   *+,- C1  2∑ >1$%  exp >    #D                         (3.8) 
If we define two dimensionless parameters, V and ω as follows: 
  EB,   F,"FG       and     H   "  ,                                    (3.9) and (3.10) 
where  0  is the maximum temperature at the rear surface, then we can combine 
Equations 3.8,3.9 and 3.10 to obtain: 
  E  1  2∑>1 exp>IH                                                           (3.11) 
Equation 3.11 is plotted in Figure 3.8. 
 
 
Figure 3.8 Dimensionless plot of rear surface temperature change [74] 
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Based on this graph, when V is equal to 0.5 and ω is equal to 1.38, the thermal diffusivity 
can be estimated using the following expression: 
   0.1388M"NO                                                                                  (3.12) 
where L is the thickness of the sample and  N  is the half time, which is the time required 
for the rear surface to reach half of the maximum temperature rise. This value is obtained 
from the detector signal raw data of the Netzsch LFA-447 light flash analyzer.  
 
Specific heat can be simultaneously measured with the Netzsch LFA-447 light 
flash analyzer by comparing the temperature rise of the sample to the temperature rise of 
a reference sample of known specific heat tested under the same conditions. This 
temperature rise is recorded during the diffusivity measurement, so the specific heat can 
be calculated from the same data with a suitable calibration. Assuming that the light flash 
energy and its coupling to the sample remain essentially unchanged between samples, 
P  QRSTURV VIVUWX  Y	
∆[\]  Y	
∆^_0`a\ ,                       (3.13) 
therefore:                                  	
^_0`a\  0,`∆Fbcd0∆Fefg-hc                                              (3.14) 
 
A reference sample is measured at each temperature of interest to calibrate the 
change in output voltage of the infrared detector (∆v) resulting from the absorbed light 
flash energy. The measured ∆v will be proportional to the temperature rise, ∆T as long as 
the temperature rise is small. This calibration gives the absorbed energy in terms of the 
mass, specific heat and ∆v of reference sample. When a sample of unknown specific heat 
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is measured, the absorbed energy divided by the product of the mass and ∆v of the test 
sample in Equation 3.14, which gives the test sample specific heat, Cp. 
 
Once thermal diffusivity, α and  specific heat, Cp  are determined by 
measurements, then thermal conductivity, k  is calculated using the Equation 3.3. The 
light flash method can be applied to determine the thermal conductivity in the range of 
temperatures between 75 K and 2800 K in accordance with ASTM E1461-01. 
 
3.4.4   Determination of Thermal Expansion Coefficient 
The thermal expansion coefficients (CTE) of multilayer TBC were determined 
using the Orton Dilatometer Model 1000D before and after annealing.  The samples were 
prepared for the length of one inch each and then placed in a dilatometer. Each sample 
was heated to 775 K with the rate of 5 K per minute. The sample length measurements 
were recorded automatically for every 10 K increment during the heating cycle by a 
linear variable displacement transducer. 
 
3.4.5   Evaluation of Thermal Shock and Thermal Fatigue 
TBC materials usually fail when subjected to a prolong work at high temperature, 
i.e. thermal shock, or on repeated cycling between two temperatures, i.e. thermal fatigue. 
The sudden change in the surrounding temperature generates temperature gradient, 
thereby, the coating experiences thermal stress. The failure occurs when the thermal 
stress exceeds the strength of the material in the respective mode of stressing. For 
example, when a coating is heated suddenly from room temperature, the surface of the 
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material attains a high temperature in a very short time. The surface expands and 
experiences compressive stress. However, the substrate still remains at low a temperature 
due to the low thermal conductivity of TBC and therefore expands less. Therefore, the 
substrate experiences tensile stress. In contrast, during cooling the top surface 
experiences tensile stress, while the interior substrate experiences compressive stress. 
During the process of fast heating or cooling, the temperature differences and thermal 
stresses change rapidly with time before they reach a constant difference steady state 
[75]. The thermal stress experienced by a material depends on the rate of heating or 
cooling apart from its own thermo-mechanical properties. Therefore, it is appropriate to 
test these materials for thermal shock and thermal fatigue resistance under simulated 
conditions similar to the actual ones. In addition, there are quite substantial mechanical 
pressure loads exerting on engine pistons that should be addressed in thermo-mechanical 
tests as well. 
 
There are many test methods available for the measurement of thermal shock 
resistance of ceramic materials. They can be broadly classified into two groups: 
1. thermal shock during heating, i.e. ascendant mode; and 
2. thermal shock during cooling, i.e. descendant mode.  
Some known methods of ascending thermal shock tests are the hot-gas jet 
method, high power radiation, melt immersion test, high power laser heating method, etc. 
Similarly, some known test methods for descendant thermal shock are quenching in 
water, cold-air jet, quenching in contact with large brass rods and indentation method 
[75]. 
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The thermal fatigue test methods include the quench method and repetitive 
heating method. The most popular thermal shock test method is the water quench method 
in which samples are heated to a particular temperature and then quenched in a water 
bath. However, the water quench experiment generates higher rates of heat transfer than 
the TBC material would experience during its actual use. Therefore, the material fails at a 
relatively lower critical temperature difference. Moreover, this method is of little 
relevance for TBC materials used in engine components. Another thermal fatigue test, the 
laser heating method, is costly and it is difficult to generate high temperatures suitable for 
a thermal shock test of TBC materials because the heating effect takes place at the narrow 
local zone only. 
 
Typical operating conditions for engine pistons consist of complex thermal and 
mechanical loads and must be addressed in an appropriate test. In this project we 
developed a new method to predict service life using the specialized thermo-mechanical 
fatigue (TMF) test. This test was conducted under simplified engines cycles for piston 
TBC materials that experience typical TMF conditions. Since there is currently no 
standard available for the measurement of TBC crack growth rates under TMF 
conditions, a proprietary test method, based upon standard ASTM E2368-10 for strain 
controlled thermo-mechanical fatigue, formed the basis of the new test technique. 
Thermal cyclic tests were performed to evaluate the durability of multilayer intermetallic 
TBCs with simulated operational conditions using a Comau spot weld gun as an 
impulsive heat generator. Its original designation is welding of Aluminum plates with a 
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maximum capacity of 60 kVA (Figure 3.9 a). Intensive cooling cycles were realized by 
pressing its scissors’ water-cooled arms against the test specimen without electric current 
with the loads of ~10 kN to simulate the compressive stress on the piston coating equal to 
the diesel mean effective pressure of ~1 MPa (Figure 3.10 b).  Heating and cooling cycles 
of 10 seconds overall duration were applied to each specimen 500 times. A sample was 
considered to have failed if the coating was completely detached from the substrate. The 
temperature measurement system consists of infrared pyrometer IRCON Modline, series 
7000, to measure the temperature of the hot zone and the data acquisition system is 
controlled by InfraWin 5.0 software. The pyrometer is fixed to an adjustable stand and 
the axis of the pyrometer makes an angle of 75° to the specimen edge surface focusing 
the zone of infrared detection inside the hot zone of the sample. 
 
    
 
Figure 3.9 Thermal shock and thermal fatigue experiment set-up: 
   (a) –  Comau spot weld gun used to simulate TMF conditions; 
   (b) – specimen (1) and infrared pyrometer (2) installation. 
 
This set-up is designed to create a temperature gradient in the test sample by 
heating one side of it while cooling the opposite side by keeping it in contact with a steel 
-a- -b- 
1 
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block at ambient temperature. A rectangular, 2 mm thick aluminum plate with TBC 
coating covering one side of it was sandwiched in between aluminum plates and placed 
on the testing stand between weld gun arms (Figure 3.10). The thermal shock test was 
performed by increasing the electric pulse current until the pyrometer indicted a 
temperature of ~875 K, which is close to the melting point of Aluminum. The infrared 
pyrometer was focused at the centre of the specimen and the temperature generated data 
vs. time were recorded in a data log. The thermal fatigue test is typically carried out at 
temperatures below the maximum temperature at which the sample cracks during the 
thermal shock. The thermal fatigue test for the TBC specimen was carried out at 675 K 
with heating and cooling time fixed for 2 and 18 seconds respectively. The continuous 
pyrometer temperatures vs. time signals were recorded in order to evaluate the 
experiment conditions, maximum stress zones where cracks originate from and how they 
propagate within TBC. The specimens were also observed under an optical microscope 
and SEM to evaluate the TBC structure change and phase transformation. The micro-
hardness of TBC was measured on different layers at multiple locations to evaluate the 
coating degradation under different TMF conditions varying by the remote distance from 
the heated spot. 
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Figure 3.10 Thermal shock specimen preparations: 
   (a) –  aluminum plates fixed together with TBC between them; 
   (b) – specimen cantilever installation with one end attached to a cooling block. 
 
3.4.6   Examination of Microstructure 
Prior to microstructure examination TBC samples were cut, molded into 
mounting packs, ground and polished. The equipment used for samples preparation was a 
Buehler automatic mounting press Simplimet 1000 and Buehler PowerPro 3000 grinder - 
polisher which applies forces of 20 – 300 N per holder and accommodating 3 ~ 6 
specimens at a time in central force. The mounted specimens were then observed in an 
optical and scanning electron microscope (SEM). The optical microscope used for the 
examination was Leica DMI 500m equipped with an autofocus software module for 
digital cameras that automatically finds and holds the focal plane. The digital camera has 
variable resolution with live-image mode that extends from 1.3 to 12 megapixels at 
1000X magnification. The SEM used for examination was a FEI Quanta 200 FEG high 
-a- 
-b- 
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resolution microscope with EDAX Energy Dispersive Spectroscopy (EDS), designed for 
the localized chemical analysis of the coating samples. 
 
3.4.7   XRF 
X-ray fluorescence (XRF) is a diagnostic NDT technique that can be used to 
detect and measure the concentration of elements in substances. Fluorescence is the 
phenomenon of absorbing incoming radiation and re-radiating it as lower energy 
radiation. An example of visible light fluorescence is the T-shirt that visibly glows when 
exposed to invisible ultraviolet light in a disco-club. In x-ray fluorescence is caused by 
incoming x-rays that eject low energy electrons from the innermost electron shells of 
atoms. The vacancies left by the ejected electrons are filled by electrons 'dropping in' 
from outer higher energy shells. This 'dropping in' releases a specific amount of energy in 
the form of a characteristic x-ray. The discreet energies of fluorescent x-rays are 
characteristic of the energy levels of the electron shells in the element. These energy 
levels are different for each element. Thus, by analyzing the energies of the spectrum of 
fluorescent x-rays emitted by a substance, one can determine what elements are present 
and their concentration in the substance. This information may be sufficient to identify 
the substance.  During this research a Bruker handheld XRF analyzer was used; a Bruker 
TRACER III‐V that contains a Rhodium X‐ray tube.  XRF was used for bulk analyses of 
large TBC outer surfaces to determine their composition evolution after deposition and 
annealing. The relative ease of sample preparation and the stability of x-ray 
spectrometers made this method one of the most convenient for the analysis of major and 
trace elements in the experimental coatings and powder samples. 
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3.4.8   Determination of Material Phases 
The phase analysis of TBC was done using a goniometer Scintag XDS 2000 with 
Cu-Kα radiation (λ=1.5405 Å) to obtain x-ray diffraction (XRD) patterns. Diffraction 
scans run from 20 to 80 degrees with a rate of 1 degree per minute at the room 
temperature. The instrument is built on Bragg’s Law of Diffraction that states that the 
diffraction in the crystal lattice of a solid occurs only at certain angles of incident x-rays 
which satisfy condition (Figure 3.11 a): 
  Ij  2SkIl                                                                           (3.15) 
where:   n    -   integer 
  λ    -   x-ray wavelength 
  d    -   distance between atomic layers in a crystal lattice 
  θ    -   x-ray beam incident angle. 
When an x-ray beam hits an atom, the electrons around the atom start to oscillate 
with the same frequency as the incoming beam. In almost all directions we will have 
destructive interference, that is, the combining waves are out of phase and there is no 
resultant energy leaving the solid sample (Figure 3.11 b). However the atoms in a crystal 
are arranged in a regular pattern, so we will have constructive interference only in very 
few directions. The waves will be in phase and there will be well defined X-ray beams 
leaving the sample in various directions. Hence, a diffracted beam may be described as a 
beam composed of a large number of scattered rays mutually reinforcing one another. 
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Figure 3.11 XRD analysis principles: 
   (a) –  illustration of Bragg’s law of diffraction; 
   (b) – constructive and destructive interference in the diffracted waves. 
 
The process of diffraction is described here in terms of incident and diffracted 
rays, each making an angle θ with a fixed crystal plane. Reflections occur from planes set 
at angle θ with respect to the incident beam and generates a reflected beam at the angle 
2θ from the incident beam. The possible d-spacing of the crystal lattice is determined by 
the value of 2θ and the pattern of 2θ obtained from gradually changing the angle in the 
goniometer during the experiment (Figure 3.12). The resultant graph is then compared to 
the International Center Diffraction Data (ICDD) that defines the compound elements as 
well as their prevailing phases. 
-a- 
-b- 
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Figure 3.12 Schematic of the goniometer Scintag XDS 2000 used in the experiment. 
 
3.4.9   Summary 
The novel thermal shock and thermal fatigue test unit developed is suitable to 
study the thermal shock and thermal fatigue behavior of advanced materials due to 
sudden heating. The equipment allows simulating thermal shock conditions that prevail in 
actual service conditions. It could be concluded that the thermal stress depends mainly on 
the temperature distribution of the hot face. The thermal stress is also sensitive to 
thickness of the sample; therefore, samples of same thickness need to be tested to get 
meaningful results. Micro-hardness test of TBC can indicate degradation of the coating 
layers, crack accumulation and TMF conditions influence on the coating durability. 
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CHAPTER IV 
TBC DESIGN AND MODELING ANALYSIS 
 
As discussed in Chapter II, Iron - Aluminum intermetallics have the most 
potential to be used as TBC in this study due to their inherent low thermal conductivity, ~ 
10 W/mK. Therefore, it is of interest to study the influence of CS spraying conditions on 
TBC and Aluminum based structures with associated thermal properties. 
 
4.1   TBC Requirements for HCCI Engine 
As discussed in Chapter II, typical YSZ ceramic coatings must withstand a 
temperature gradient within a 400 K range due to the efficient water cooling systems in 
diesel engines. Considering the HCCI cycle, where thermal load is reduced by ~ 250 K, 
the lower temperature of HCCI engine components has made the use of graded metal 
based thermal barrier coatings (MBTBC) possible [13], particularly for the head and 
valve components. Piston temperatures in the range of ~ 400 – 600 K in diesel engines 
are significantly reduced in HCCI engines and the thermo-mechanical properties of 
MBTBC are high enough to withstand the lower range of thermal gradients found in 
HCCI pistons [76]. Moreover, diesel engine heat losses attributed to radiation account for 
~ 20 – 40 % [1], thus making YSZ ceramic coatings ineffective since ceramics are 
translucent to infrared light and, therefore, MBTBC show an advantage in terms of 
thermal insulation efficiency. The coefficient of thermal expansion (CTE) of MBTBC is 
~ 15*10-6 K-1 compared to CTE of YSZ ceramic of ~ 5*10-6 K-1, which makes MBTBC a 
better match to aluminum alloy A13, which is what pistons are made off,  with CTE ~ 
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20*10-6 K-1. Good insulation properties exhibited by MBTBS are obtained due to their 
nano / amorphous refined structure, which significantly affect the thermal conductivity 
because of the reduced mean free path of the electron / phonon scattering [13].  However, 
MBTBC start to re-crystallize at temperatures close to ~ 600 K, which is in the same 
range with the operating temperatures of the pistons, thus limiting their applicability. 
Moreover, due to the high level of the internal stresses inherent to the plasma spray 
deposition technique used for MBTBC as well as the presence of hard carbide and oxide 
phases, MBTBC are brittle and exhibit low reliability during the thermo-mechanical load 
cycles they are exposed to. The current study represents the further development of 
MBTBC through the application of cold spray (CS) deposition technique, special material 
selection and consequent heat treatment, the ultimate goal being to obtain intermetallic 
TBC with superior insulation properties and a stable microstructure with high resistance 
to thermal shock and thermo-mechanical fatigue in a temperature range of 400 – 900 K. 
 
4.2   TBC with Functionally Graded Structure 
Iron - Aluminum intermetallic compounds represent a good option for high 
temperature applications due to their unique properties such as high strength, low density, 
low thermal conductivity and excellent corrosion resistance in oxidizing and sulfidizing 
atmospheres [77]. However, industrial applications of these alloys have been hampered 
due to their low ductility and processing problems which result from a large difference in 
the melting points of Al and Fe and the exothermic nature of formation of iron 
aluminides. To utilize their excellent oxidation and corrosion resistance, Fe-Al 
intermetallic compounds are employed as coatings via plasma spraying, high velocity 
 oxy-fuel (HVOF) and wire
during thermal spraying results in high oxide content in subsequent coatings which 
deteriorates the overall oxidation and corrosion resistance. The emerging cold spray (CS) 
process has overcome several disadvantages of conventional thermal spra
low processing temperature, thus delivering composite coatings without oxide contents, 
high density and evenly distributed proportions of particulate materials
deposited coatings can have either two 
multilayer one (Figure 4.1). In order to identify the most suitable coating structure for 
TBC application, the effective thermal conductivity for the overall coating needs to be 
evaluated and compared for both cases.
 
    
Figure 4.1 Two phase Iron 
   (a)
   (b) 
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-arc spraying. However, severe oxidation of the spra
 [32]
- phase homogeneous structure or heterogeneous 
 
– Aluminum structures: 
 –  macroscopically homogeneous; 
– multilayer heterogeneous.  
-a- -b- 
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4.2.1   Functionally Graded Materials 
As discussed in Chapter II, currently used YSZ ceramics as TBC in diesels have 
been subjected to severe thermal loading, high temperature gradient and thermo-cyclic 
changes that give rise to intense thermal stresses in engine components. The application 
of homogeneous ceramics bonded to metal involves technical issues that adversely affect 
performance and durability. First, because of the mismatch in the material properties of 
ceramics and metal, the temperature changes during processing and operation result in 
high residual and thermal stresses. Second, the strength of bonding between a ceramic 
layer and a metal layer is generally poor. Finally, at elevated temperatures ceramics are 
brittle and consequently, the ceramic layer is highly susceptible to cracking and 
spallation. An alternative concept used to overcome the shortcomings of a homogeneous 
ceramic layer is the introduction of functionally graded materials (FGM) between the 
bond metal and the ceramics or replacement of the ceramic layer by a FGM. FGM 
usually consist of two distinct material phases, such as ceramic and metal alloys, and 
their composition would vary continuously (Figure 4.2). It has been demonstrated that 
FGM have the potential to reduce the magnitude of residual and thermal stresses, stress 
concentrations on material boundaries and increase the fracture toughness. 
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   Figure 4.2 Typical structure of FGM. 
 
However, the fabrication of FGM usually represents a great challenge and 
requires a combination of different deposition processes like vacuum plasma spraying 
with blended powder feed, physical vapour deposition (PVD) with blended gas feed, 
electrophoresis deposition with blended slurries, or hot isostatic pressing with blended 
powder loads. In this research we have utilized the capabilities of the Cold Spray (CS) 
method to rapidly change the powder feedstock as well as the parameters of the air flow 
to deposit FGM at high deposition rates and relatively low costs. The post spray 
annealing was applied in order to improve the metallurgical integrity by altering the 
microstructure and phase distribution of FGM and to attain the functionally graded TBC 
properties which are otherwise difficult to obtain with traditional manufacturing 
technologies. In the present study the multilayer coatings were made by cold spraying of 
Al, Fe, Ni, Co alloy powders and, therefore employing Al based composite coatings and 
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aluminide intermetallic phase formation obtained during post spray annealing to lower 
the thermal conductivity of FGM TBC and match the piston coefficient of thermal 
expansion (CTE). 
 
4.2.2   Thermal Conductivity Bounds in Particulate Type Materials 
The proposed TBC coatings delivered by Cold Spray have two phase composition 
which is made of powders with discrete particles varying in size. Because the particles 
are packed tightly with smaller particles filling the interstices between larger particles, 
each individual particle is held in place and the overall mechanical properties are 
essentially similar to those of a single solid. However, since the consolidated material has 
physical continuity, the cold sprayed coatings structure may be presented as a continuous 
solid matrix that contains pores, which may be isolated or interconnected. For classical 
porous material, Francl’s model of effective thermal conductivity ke shown as [78]: 
   ke= ksolid (1-ε)                                                                  (4.1) 
where:     ke  -  effective thermal conductivity of the overall coating; 
     ε  -  composite material porosity. 
However, this classical equation cannot be used for composites in which the void volume 
is occupied by other type of solid components since the effective thermal conductivity 
depends not only on the composite porosity, but on thermal conductivities and volume 
fractions of the each component as well. 
 
For heterogeneous type of materials consisting of two different phases with 
different volume fractions, there are two major cases what should be considered for the 
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effective thermal conductivity evaluation. For the prevailing phase, which is considered 
as a continuous medium, the thermal conductivity kcont can be either larger or smaller than 
the thermal conductivity of the included, i.e. dispersed, phase kdisp (Figure 4.3). 
 
 
 
Figure 4.3 Heat flux vectors for dispersion of spheres in a continuous medium [78]: 
   (a) –  with kcont > kdisp ; 
   (b) – with kcont < kdisp . 
 
In both cases, one component is dispersed as circular inclusions within the 
continuous medium of the other component. Both are subjected to a steady-state 
temperature gradient from the top to the bottom of the figures. However, the thermal 
conductivity of the circles, i.e. the dispersed phase, in Figure 4.3 (a) is less than the 
thermal conductivity of the surrounding material (continuous phase), while the opposite 
is true for the material in Figure 4.3 (b) [79].   The arrows represent heat flux vectors q, 
where: 
  q =-k grad(T)                                                                             (4.2) 
-a- -b- 
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For materials in which the lower conductivity component is dispersed within a 
higher conductivity continuous medium, the optimal heat transfer pathway is represented 
by the scenario depicted in Figure 4.3 (a), i.e. heat flow avoiding the phase with lower 
conductivity. Conversely, for particulate materials surrounded by a lower conductivity 
phase, the optimal heat transfer pathway is represented by the scenario depicted in Figure 
4.3 (b), i.e. heat flows through particles where possible. Based on the magnitudes and 
directions of the heat flux vectors shown in Figure 4.3 (a) and (b), the following 
significant inferences can be drawn [79]: 
- the optimal heat conduction pathway is dependent on whether the thermal 
conductivity of the dispersed phase is higher or lower than the thermal 
conductivity of the continuous phase; 
- when kcont > kdisp , the heat flow essentially avoids the dispersed phase; 
- when kcont < kdisp , the heat flow involves the dispersed phase as much as 
possible. 
 
Consider a heterogeneous material in which two components are distributed 
randomly with neither phase being necessarily continuous nor dispersed. Both 
components may form continuous heat conduction pathways, depending on the relative 
amounts of the components, and therefore this structure is “unbiased” towards its 
components. The effective conductivity of this type of structure is modelled by the 
Effective Medium Theory equation (EMT)[79]: 
1 > m n  > \  2\o  m n  > \  2\o  0 
                                (4.3) 
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(4.4) 
which can be rewritten to the explicit form for ke : 
\  n14o 3m > 1  31 > m > 1
 q3m > 1  r3r1 > m > 1ss  8 
  where:  ke  -  effective thermal conductivity of heterogeneous material; 
 k1  -  thermal conductivity the first phase; 
 k2  -  thermal conductivity of the second phase; 
 v2  -  volume fraction of the second phase. 
 
However, for the cases depicted in Figure 4.3, which represent structures with 
prevailing phase, i.e. continuous medium, the effective thermal conductivity is described 
by Maxwell – Eucken equations: 
\  2   > 2 > m2   >  > m  
 
\  2   > 2 > 1 > m2   >  > 1 > m  
 
An assumption of the Maxwell – Eucken model was that the inclusions of the 
dispersed phase (whether particles or bubbles) did not come into contact with 
neighbouring inclusions [78]. This meant that the dispersed phase could never form 
continuous conduction pathways, and hence, from a heat transfer perspective, the 
Maxwell - Eucken model has a “bias” towards the continuous phase. 
 
(4.5) 
(4.6) 
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Considering the maximum “bias”, which can be obtained by establishing full 
contact between all particles of each phase, the effective thermal conductivity of 
heterogeneous materials can be expressed in the form of Wiener bounds for Series and 
Parallel models [78]: 
                          1c% NnNtuvN ownuvNo 
\  1 > m  m 
 
The Series and Parallel models serve as lower and upper bounds respectively for 
the effective conductivity of heterogeneous materials, provided conduction is the only 
mechanism involved in the heat transfer. The schematic representations of the structure 
assumed by various effective thermal conductivity models and curves of the relative 
thermal conductivity for each case are shown in Figure 4.4. The observation that can be 
drawn from the presented graphs is that the layered structure of heterogeneous material 
has a “bias” towards the lowest relative thermal conductivity (ke / k1). Applying this 
mechanical alloying principle to cold sprayed (CS) Fe – Al intermetallic coatings we can 
safely state that ~ 20% precipitation of iron aluminide with pure aluminum will not 
significantly deteriorate the insulation properties of iron aluminide, and the overall 
coating effective thermal conductivity will still be low, provided that the coating has the 
layered structure. In this case the content of CS TBC can be optimized by varying CS and 
consequent annealing parameters allowing for the low effective thermal conductivity of 
the coating to be retained throughout the processing cycle, matching the CTE of the 
substrate and improving the low ductility of the intermetallics. 
(4.7) 
(4.8) 
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 Figure 4.4 Schematic representations of the structures assumed by each model and  
   relative thermal conductivity curves for each case described by   
   Equations (4.4 – 4.8). 
 
4.2.3   Effect of Super-Deep Penetration for Controlling FGM Volume Fractions 
As it was shown in Section 4.2.2, the heterogeneous materials that have a layered 
structure can have certain variations of volume fractions without a significant overall 
effective thermal conductivity change. This feature of composite materials can be useful 
in controlling the mechanical and functional properties of TBC by varying the component 
volume fractions of each layer, thus forming FGM TBC with high adhesion strength and 
low effective thermal conductivity. The technological flexibility of CS allows for the 
realization of these capabilities through the introduction of differently blended powder 
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feedstock. However, the unique capability of CS to leave the powder feedstock and 
substrate thermally unaffected simplifies the coating deposition by utilizing the effect of 
either particle penetration or super-deep penetration (SDP), when the depth of penetration 
is more than ten particle diameters [42, 43]. 
 
There are several different hypotheses about the mechanisms underlying this 
phenomenon, but the comprehensive theoretical description is still under study [81]. Let 
there be a metallic target experiencing the action of a high-velocity flow of particles 
(Figure 4.5 a). Under certain conditions, a small fraction of particles, about 1%, 
penetrates the target to a great depth of several hundreds of particle diameters, unlike 
normally when the penetration depth is less than ten particle diameters. Super-deep 
penetration is observed for particles with diameters d<100 µm, with the strength of the 
particles greater than the strength of the substrate, the particle velocity Vp  > 103 m/s and 
the mean free-stream density of the particles ρj > 103  kg/m3. A close examination of a 
substrate after the action of a particle showed that the channels behind the particles, 
which penetrated the target to large depths ~102 d; were completely collapsed [80]. Three 
regions differing qualitatively from one another can be distinguished in the axis of 
particle velocity for each collapsed channel (Figure 4.5 b). In the first region, where 
R>R1≈0.15d  and  R is the distance from the channel axis, the crystalline structure of the 
target material is completely lost and the material is mixed with the particle material. In 
the second region, where R1<R<R2≈(0.5…1)d , the target material experiences severe 
plastic deformation. In the third region, where R2<R<R3 ,  weak plastic deformation of 
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the target material is observed. The model reflecting the described structure of the 
material deformation during CS processing is shown below (Figure 4.5). 
 
 
Figure 4.5 Schematics of the super-deep penetration phenomenon: 
   (a)  –  CS and its processing parameters of powder feeding rate,   
              Wp ; spray traverse speed along the substrate, Vn ; substrate width  
               and height (a x h) ; 
   (b)   – flow pattern around a particle moving into a target showing the  
               distance from the channel axis, R1,2,3 ; particle speed, Vp ;   
               particle diameter, d . 
 
To analyze the effectiveness of super-deep penetration as the process of TBC 
formation there is a need to define the total concentration of embedded particles in the 
thermal barrier layer and the thickness of this layer. We can calculate the work required 
for the SDP of a single particle as the total energy expended on overcoming the total 
resistance of the substrate. At the impact of the particle with the substrate the vectors of 
normal load and particle movement coincide. So, the deformation energy, in accordance 
with [82], is a volume integral on the deformation work in all directions: 
-a- 
-b- 
 85 
V x yz{|{ } Cr~) > ~s  r~ > ~s  ~ > ~)  6r)    ) sD E       (4.9) 
An expression in square brackets is known as a doubled square of stress intensity, 2σi 2 . 
In accordance with von Mises the equation for the stress intensity is equal to yield stress 
of the substrate:           σi = σs . 
Therefore, Eq. 4.9 may be presented in this simplified form: 
   V x ~ } E                                                                    (4.10) 
In that case, if dx is a small distance traveled by the particle in the target,  ρ is the density 
of the target  and Sp   is the cross section area of the particle,  and the work expended on 
the particle going through the segment dx can be calculated from the relationship: 
 V   ~^`   ~^`"                                                           (4.11) 
where  εt  is the total strain of the area R1 of the substrate. Since the real yield stress of the 
substrate depends on its porosity, φs :  σs = σs0(1- φs) ; the deformation energy needed 
for SDP of the particle is: 
 V  ~^ 1 > ^`"                                                                        (4.12) 
The average penetration depth H can be established from the variation of the mass 
concentration of inserted material within depth in the target, cm(h): 
   g  0a                                                                             (4.13) 
where l and cm are the thickness of the target and the average concentration of 
inserted material, respectively. However, for the determination of the integral parameters 
of the process it is entirely acceptable to use a uniform concentration distribution 
(cm(h)=cm=const), in which case Eq. 4.13 gives value H=L/2. 
 
 86 
Since the sole source of energy for the SPD is the kinetic energy of particles at the 
exit of the cold spray de Laval nozzle, the energy of each particle in the stream will be:  
ep = mp(Vp2/2) ; where Vp and mp  are the particle velocity in the stream and the mass of 
the  individual particle respectively. Using this equation and Eq. 4.12 we can define the 
relationship for the characterization of SDP process: 
 ~^ 1 > ^`"  Y` } #                                                             (4.14) 
Based on this equation it is possible to evaluate the influence of the major CS technology 
parameters (i.e. deposition efficiency, λ ;  particle velocity, Vp ; traverse speed, Vn ; 
powder feeding rate, Wp ) on the depth of the inserted substance that are expected in the 
experiment. It is clearly seen from Eq. 4.14 that use of the porous substrate results in 
diminishing particle velocity to achieve the effect of SDP. 
 
It should be also taken into account that the real distribution of the concentration 
of the embedded particles over the depth of penetration is highly non-uniform. From the 
subsequent analysis we can estimate the concentration levels of a substance inserted into 
a target under SDP conditions. Each powder material has its own optimal SDP 
parameters, since the process depends on the density of SDP powder, fracture resistance 
of the particles during impact and powder mesh size. Considering the schematics of the 
process as shown in Figure 4.5, the concentration of the embedded phase may be 
described by the relationship: 
    0c0e  -+fe_ }:                                                                              (4.15) 
where  me  is the total mass of the particles embedded into substrate layer of 
thickness H;  ms  is the mass of the substrate layer with thickness H ;  ρabs   is the absolute 
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density of the substrate layer;  a   is the  width of the pass. The concentration of the 
embedded particles is an important parameter for FGM optimization that allows 
obtaining functional and durable TBC. 
 
4.3   TBC Material Selection 
As mentioned above in this chapter, we planned for two main technological steps 
in order to obtain intermetallic TBC, i.e. cold spraying and consequent annealing. The 
current approach for the development of intermetallic materials is essentially based on 
initial identification of binary intermetallic compounds such as Fe, Ni, Co aluminides as 
well as certain silicides, exhibiting some promising thermo-mechanical properties. 
 
4.3.1   Material Selection for Designated Layers in Intermetallic TBC 
As outlined in Sections 4.2.1 and 4.2.2, the most optimal solution for any 
composite TBC is the coating with layered structure comprised of a bond layer to match 
CTE of the substrate and the insulation layer that actually prevents heat transfer. The 
volume fractions of two mentioned phases can be changed from layer to layer to obtain 
the smooth thermo-mechanical properties transition from largest CTE to lowest thermal 
conductivity. This approach has been utilized to tailor intermetallic TBC composition to 
provide the best match to the material of the substrate. For the aluminum piston made 
from aluminum alloy A13, the best bond coat selection is aluminum in powder form for 
CS processing. The aluminum bond layer also serves as a source of alloying element for 
obtaining aluminides in intermetallic coatings during the annealing. Other alloying 
elements for obtaining intermetallic coatings were selected based on the thermal 
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conductivity of aluminides they form. However, the number of potentially interesting 
compounds for thermal barrier applications is limited. Each of these binary compounds 
has individual crystal symmetry, and if it is complex, the compound is hardly deformable 
and not expected to retain much macroscopic ductility even at fairly high temperatures. 
For that reason the aluminides of Fe, Ni, and Co with the least complex B2-type crystal 
structure were selected for the experiment, provided that their target thermal 
conductivities are going to be in the range of ~ 10 W/mK. Their thermal conductivities at 
the exploitation temperature of 300K are plotted in Figure 4.6. 
 
 Figure 4.6 Composition dependence of thermal conductivity at 300K of  
    NiAl, CoAl and FeAl [93]. 
 The plot reveals that the Aluminum saturation exhibits a significant influence on 
the intermetallic thermal conductivity reaching a 
However, this condition can be avoided by controlling FGM volume fractions and 
realization of particle penetration 
stability of the proposed intermetallics at the exploitation temperatures can be estim
through correspondent binary phase diagrams
 
 
Figure 4.7 Fe-
   temperatures of ~ 1100
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sharp maximum at stoichiometry
effect through CS processing parameters. The thermal 
 as shown in Figures 4.7 – 4.9.
Al phase diagram showing thermally stable Fe – Al phases up to the 
°C. 
. 
ated 
 
 
 
  
Figure 4.8 Ni-
   temperatures of ~ 1130
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Al phase diagram showing thermally stable Ni – Al phases up to the 
°C. 
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Figure 4.9 Co-Al phase diagram showing thermally stable Ni – Al phases up to the  
   temperatures of ~ 1180°C. 
 
The particulate materials that contain the proposed base elements were selected 
from the commercially available metal powders: Fe-base SHS-717 produced by 
Nanosteel Company; Ni-base AMS-4777 (G204) and Co-base A-4783 (H33) metal alloy 
powders from Carpenter Technology Corporation. Base aluminum Al-101 powder was 
supplied by Atlantic Equipment Engineers Ltd. The most attractive powder suitable for 
the first experiment was SHS-717 due to its primarily amorphous structure and initially 
low thermal conductivity of ~ 5 – 6  W/mK. 
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Powder 
Material 
Chemistry, wt % 
 Fe Al Cr Mo W C Mn Si B Ni Co 
SHS-717 Balance - 20 5 10 2 5 2 <5   
AM-S4777 
(G204) 
- - 7.0 - - - - 4.1 3.0 Balance - 
A-4783 
(H33) 
- - 19.0 - 4.0 - - 8.0 0.8 17.0 Balance 
Al  - Balance - - - - - - -   
 
Table 4.1 Powder compositions used in the experiment. 
 
4.3.2   Microstructure Characterization of Fe-base SHS-717 Powder 
Commercially available nano-structured powder SHS-717 from Nanosteel 
Company was chosen as a main ingredient of the proposed TBC. It is representative of 
MBTBCs with amorphous structure, and has a composition of Fe-25Cr-8Mo-10W-5Mn-
5B-2C-2Si. A literature survey shows that pure Iron – Aluminum reactions and 
intermetallic properties have been thoroughly examined already [15, 18, 26], but complex 
intermetallics compounds with additional components have not been studied in detail yet.  
 
The SHS717 powder has a nominal powder size of ~ 25 - 60 µm.  The SHS-717 
powder is a gas-atomized material with spherical particle morphology.  The nominal 
weight percent composition of the powder is included in Table 4.1. The crystal structure 
of the SHS-717 powder was characterized SEM & EDS prior to spraying (Figure 4.10). 
The observation was made that SHS-717 powder is not completely amorphous and 
 precipitated with complex
With regards to the appearance of the 
confirm the crystalline structure of some particles.
 
Figure 4.10 SEM image of SHS
   (a)
 
4.3.3   Microstructure Characterization of Ni
An SEM image of 
Figure 4.11. The main phases of 
carbides distributed in γ-Ni matrix. Supplementary alloying of
give a unique combination of properties that enables them to be 
different applications. Specifically, 
exhibit better corrosion and abrasive wear 
material for tooling and high temperature 
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 quasicrystalline carbides such as (Cr,Fe,W,Mo)
dendrite crystals at the particles’ surface
 
-717 powder particles: 
 –  magnification 1000 X;     (b) – magnification 2000 X
-base AMS-4777 (G204) Powder
AMS-4777 powder composed of NiCrBSi particles 
this Ni based alloy are complex Fe-Cr crystalline 
 the nickel 
used in a variety of 
nickel based coatings with high bonding strength 
resistance that make them an attractive 
applications. For example, NiCrBSi coatings 
-a- -b- 
23(W,Mo)2C12. 
, the results 
 
. 
 
is shown in 
based powders 
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are widely employed to improve the quality of components such as rollers, piston rods, 
wearing plates, turbine shafts and bearings, extruders, plungers and rolls for rolling mills, 
whose surface is subjected to severe friction conditions. Usually, NiCrBSi coatings can 
be deposited by using thermal spraying methods such as high velocity oxy fuel spraying, 
plasma spraying and flame spraying. Application of these powders for cold sprayed 
coatings has not been reported yet. 
 
  
 
Figure 4.11 SEM image of AMS-4777 powder particles. 
 
4.3.4   Microstructure Characterization of Co-base A-4783 (H33)  Powder 
An SEM image of A-4783 powder composed of CoCrNi particles is shown in 
Figure 4.12. The alloy composition is represented mostly by cobalt and chrome carbides 
and some other compounds in the Co-Ni matrix. Co-Ni based alloys have been used as 
soldering filler material for high temperature brazing ceramics. Application of the 
CoCrNi particles for intermetallic layers formation seems to be reasonable because on the 
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aluminum side of the binary A1-Co phase diagram (Figure 4.9), the series of the 
intermetallic compounds are known to form hyper-eutectics from the melt. Two-
dimensional decagonal quasicrystals are formed according to binary A1-Co alloys in the 
composition range from Al11CO4 to Al10C04 [106]; thus Co based intermetallics are 
believed to achieve the low thermal conductivity inherent to most quasicrystalline 
compounds. 
 
  
 
Figure 4.12 SEM image of A-4783 powder particles. 
 
Particles of Al-101 aluminum powder used for a bond coat and supplied by 
Atlantic Equipment Engineers Ltd., are shown in Figure 4.13. 
 
  
 
Figure 4.13 SEM image of Al
 
4.4   Effects of Reaction Synthesis on Attaining of Intermetallic TBC
As shown in the previous sections of Chapter 4, the 
the series, i.e. layered composites, are the 
layer thickness, structure and coher
intermetallics are produced by reactive diffusion in alternatively stacked layers of two 
different metals [84, 85]. 
result of the annealing with the pre
kinetics of the diffusion process is the key 
synthesizing TBC. 
 
The dependence of the 
the solid state diffusion is
96 
-101 powder. 
 
thermo-physical properties of 
functions of the intermetallic composition, its 
ing within ductile matrix. In this research 
The intermetallic layers on the particles interface grow
-determined temperature and time; the
feature in controlling the properties of the 
intermetallic layer thickness, δ on the holding time
 described by differential equation (4.16): 
 
these 
 as a 
refore the 
, τ  for 
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                                                             4.16 
where  k  is the proportionality constant which is known as parabolic rate constant 
[85, 86]. The integration of Equation 4.16: 
 ·     ·  
yields Equation 4.17: 
2                                                               4.17 
Thus, in accordance with Equation (4.17), the parabolic relationship between the 
intermetallic layer thickness and the sintering time can be observed. The evaluation of the 
parabolic rate constant, k, was made during the experimental procedure described in 
Sections 5.3.1 & 5.3.2.  The experimental results of sintering of SHS-717 particles with 
aluminum matrix are were picked out and presented in Figure 4.14 in coordinates δ = 
f(τ0.5). Linear approximations are shown to describe the parabolic function  δ = f(τ0.5) 
with a simulation veracity of  R2=0.96…0.99. Thus, the growth kinetics conforms well to 
parabolic rate Equation 4.17. It allows defining the parabolic rate constants, k for 
different solid state sintering temperatures (Figure 4.14). The results are shown in Figure 
4.15 in the coordinates lnk = f(1/T) to define an adequacy of the intermetallic formation 
kinetics to the Arrhenius law: 
   V
 n>P_ o                                                        4.18 
where:                         k0  -  the pre-exponential factor; 
   Qa -  the activation energy of the aluminide layer growth; 
   R  -  the universal gas constant. 
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Figure 4.14 The experimental results of sintering of SHS-717 particles with   
   aluminum matrix in the coordinates  δ  vs.  N . 
 
 
Figure 4.15 The dependence of the parabolic rate constant in terms of  lnk  on the  
   reciprocal of the sintering temperature,  F 3 . 
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It can be seen that the data is located well on the corresponding approximation 
line. Thus, the constants of Arrhenius Equation 4.18 can be determined from the 
relationship: 
I  I > nP_o                                              4.19 
The coefficients evaluation provides: 
                                 k0 = 3.6·10
-3cm2/s;      and       Qa = 107 kJ/mol. 
We have to note, that the pre-exponential factor in our case is higher by one order 
than the one estimated in paper [85] for roll bonded iron aluminides. This observation 
reveals the easier nucleation of the intermetallic phase in the SHS-717 particle. This 
seems to be an effect of the particle super deep penetration process which results in 
severe deformation and activation of aluminum matrix at the particle – substrate 
interface. 
 
In accordance with binary phase diagram [18, 87], there are several intermetallic 
compounds in Al-Fe system (Figure 4.15). However, the authors in paper [88] showed 
that thermodynamically FeAl2 has the lowest free energy of formation followed by Fe2Al5 
and Fe4Al13. So, authors [85] suggested that the first phase to be formed will be Fe4Al13. 
At the later stage of the diffusion process, Fe4Al13 and Fe phases will react with each 
other to form a phase with composition between the interacting phases and closest to the 
lowest eutectic composition, i.e. Fe2Al5 marked by the red circle on the phase diagram in 
Figure 4.16. The comparison of the activation energies for the growth of Fe2Al5 layer, 
reported in literature [85], is presented in Table 4.3. 
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Reference Jundal et al 
[85] 
Bouayard et al 
[86] 
Denner and 
Jones [85] 
Eggeler et al  
[85] 
Present Work 
Qa (kJ/mol) 85 74.1 155 134 107 
 
Table 4.2 Values of the activation energy for diffusion growth of the iron – aluminum  
  intermetallic layer. 
 
 
Figure 4.16 The binary phase diagram of Al - Fe with the marked region of the 
prevailing phase obtained at the final stage of reaction synthesis [18]. 
 
Comparison of the data in Table 4.3 indicates that Fe2Al5 composite formation 
during sintering is different from roll bonded iron aluminides [85] due to the high content 
of alloying elements in SHS-717 powder. 
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The obtained parabolic rate constants for different temperatures from Figure 4.14 
are compared with those available in the literature for respective temperatures. The 
results are shown in Figure 4.17. One can note that the obtained data for k are in the range 
between 10-14 and 10-13 m2/s (point 1 in Figure 4.16), whilst k ~ 10-10 - 10-11 m2/s 
characterize the diffusion pair for liquid aluminum and solid iron. This seems to be an 
influence of the SHS synthesis reaction with the sharp temperature increase. Our data is 
similar to that presented by authors [85] at solid state diffusion conditions. 
 
 
 
Figure 4.17 The parabolic rate constants comparison: 
  1 - present work; 
  2 – linear approximation for set of data 1; 
  3 – Heumann et al. data [85]; 
  4 – Denner and Jones data [85]; 
  5 – Bouche et al. data [89]; 
k = 7E-60T15.736
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  6 – Bouayad et al. data [86]; 
  7 – possible linear approximation for liquid aluminum and solid iron pair. 
 
The above analysis of reaction kinetics of Al-Fe intermetallic compounds clearly 
shows the real opportunity of controlled solid state intemetallic synthesis performed on 
SHS-717 particles at temperatures of ~ 550 – 600oC. As shown in Chapter V, AMS-4777 
Ni alloy particles and A-4783 Co-Ni-Cr alloy particles exhibit similar behavior, but at a 
narrower temperature range of ~ 550 - 575oC. 
 
4.5   TBC Multilayer Design 
As outlined in Section 4.2 the most efficient design for TBC consisting of 
heterogeneous materials is the layered structure. The number of layers is determined by 
the specific requirements for the piston crown temperature reduction as well as the 
coating deposition’s technological capabilities. Since CS processing doesn’t thermally 
affect both powder and substrate, the residual stresses induced by this process allow the 
deposition of thicker coatings compared to conventional thermal spray YSZ TBC, which 
is ~ 0.3 mm.  However, considering that the ultimate TBC composition was designated as 
intermetallic aluminides, the prevailing volume fraction of aluminum was supposed to be 
supplied to ensure lowest thermal conductivity of TBC after annealing. This requirement 
is valid for all aluminum alloying elements of Fe, Ni and Co according to Figure 4.6. 
Considering the mesh size of the supplied powders #325, which corresponds to the 
particle size of ~ 45 µm, the aluminum layer thickness was chosen to be ~ 100 µm. This 
thickness proved to be sufficient for the aluminum layer to provide a substrate for 
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stainless steel particles penetration into the aluminum bed taking into account their 
consequent growth while converting into aluminides during annealing. During the initial 
CS stainless steel deposition utilizing the SDP effect, each aluminum layer was 
compacted by absorbing stainless steel particles retaining its initial thickness and 
providing a pure aluminum interlayer between stainless steel layers to supplement plenty 
of aluminum during the annealing. The total thickness of final TBC was set to 1 mm, 
which is three time larger than YSZ TBC. The TBC deposited by CS contained 10 layers 
in total: 5 stainless steel layers and 5 aluminum interlayers. To accommodate the coating 
on the piston crown 1 mm of material stock was machined off the piston top (Figure 
4.18). 
 
Figure 4.18 Schematic of piston multilayer TBC.  
 
4.6   The Effect of TBC on Piston Temperature using FEA 
In this study, a steady-state thermal analysis was performed to evaluate the 
temperature gradients in the standard and TBC coated pistons by using Abaqus 6.10 finite 
element analysis (FEA) software. A sharp decrease in the piston temperature under the 
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coating was observed as a result of FEA simulations. It is concluded that the Fe-Al 
intermetallic coating may contribute to better heat retention within the combustion 
chamber than Ni-Al and Co-Al intermetallics. 
 
The finite element mesh of the piston model using Abaqus 6.10 software is shown 
in Figure 4.19. In this thermal analysis the variable mesh size was applied to the overall 
piston with upper partition zones having a mesh seed of ~ 0.01 mm to ensure capturing 
each individual layer, with the thickness of ~ 0.05 mm, separately. Considering the 
symmetry of the piston, one half of it was meshed in order to reduce the input file size 
and reduce the processing time. The boundary conditions were selected in line with 
typical piston temperature values averaged for four cycles ~ 575 K [83]. The inner 
surface of the piston was assigned a convection coefficient of 60 W/m2K; thermal 
conductivity of Aluminum was selected ~ 220 W/mK@300 K and 210 W/mK@575 K; 
thermal conductivity of the stainless steel SHS-717 was selected ~ 5 W/mK@300 K and 
7 W/mK@575 K. The temperature distribution across the piston crown with applied TBC 
and without it was determined as a result of the analysis. 
 T°= 575 K 
105 
h = 60 W/m2K  
 
 
-a- 
-b- 
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Figure 4.19 Piston mesh rendered by Abaqus 6.10 with boundary conditions set on  
   the external surfaces: 
   (a) –  typical piston crown temperature  ~ 575 K and inner surface  
             convection coefficient of 60 W/m2K ; 
   (b) – post processing snapshot of piston temperature distribution. 
 
In order to evaluate the temperature gradients of the conventional and TBC coated 
pistons, several numerical analyses were carried out. The resulting temperature 
distributions on pistons are given in Figures 4.20 & 4.21.  
 
 
 
Figure 4.20 Piston temperature distributions through the piston crown without TBC; 
  piston material is selected as Al-Si A-13 alloy. 
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Figure 4.21 Piston temperature distribution of Fe-Al coated piston. 
4.7   Summary 
The simulation study performed has shown the possibility of obtaining 
intermetallics with low thermal conductivity as a result of a heat treatment. As a result , 
the temperature of the Fe - Al coated piston compared to the uncoated piston was reduced 
by 28% reaching 160°C. The thermal barrier effects of intermetallic layers on piston 
temperature distributions showed that designing pistons of HCCI engine with TBC, 
which posses low heat conductance properties, have a great potential to improve 
performance, facilitate control and reduce unburned emissions at idle and partial load 
conditions. 
 
,
 
 
K
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CHAPTER V 
TBC DEPOSITION AND POST TREATMENT TECHNOLOGIES 
 
As discussed in Chapter IV, the multilayer design of intermetallic coatings 
requires optimization of CS processing parameters to maintain TBC high dimensional 
accuracy, integrity and uniformity. Additionally, the post-spray processing treatment is 
performed to consolidate and homogenize the cold sprayed materials and to tune TBC 
properties of the component to the level when outmost insulation and durability 
properties are archived. Therefore, the technological processing study aimed to deposit 
and optimize TBC properties will be focused on: 
- CS parameters optimization to obtain uniform layers and surface finish; 
- SPD penetration evaluation to obtain uniform stainless steel thickness and 
phase concentration; 
- post-spray heat treatment development to obtain desired intermetallic phases 
and strong interlayer diffusion bonding. 
 
5.1   Cold Spray (CS) Processing Parameters and Optimization 
CS processing parameters have a great influence on the formation of coatings 
along with the metal powder properties used for deposition. However, no single 
parameter can sufficiently determine the quality of the obtained coating; it is always a 
combination of different parameters. In order to optimize the deposition parameters for 
obtaining a uniform coating structure and surface texture, we used a Cartesian robot arm 
to continuously spray powder mixtures on rectangular plates with 80 mm width and 200 
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mm length. Optimization of coating quality for each combination of substrate and coating 
materials calls for a series of experiments and respective characterization. Instead of 
searching for optimized deposition conditions through trial and error, we have conducted 
a systematic parametric study to investigate the effect of CS processing parameters on 
coating thickness and coating surface quality. The CS parameters optimized for 
multilayer TBC deposition include the travel speed of the moving CS nozzle, powder 
feeding rate, powder level in the hopper, powder flow ability, distance between adjacent 
passes and type of the carrier gas. 
 
5.1.1   Travel Speed of Cold Spray (CS) Nozzle 
In all spraying experiments the relative movement of the CS gun is controlled by 
a gantry robot with programming that defines 3 axis gun movements. The scanning 
pattern to deposit coatings in the present experiments is illustrated in Error! Reference 
source not found.5.1. The main parameters of the scanning pattern are the nozzle travel 
direction, nozzle travel speed (traverse speed) and step size. CS nozzle in the present 
experiments is 6 mm in diameter and therefore it produced ~5 – 6 mm coating bead per 
each pass. The cross section of the coating bead is hemispherical due to the different 
concentration of powder particles emerging from the nozzle in the center and periphery 
of the nozzle. To avoid wavy patterns in the coating we optimized the traverse speed, 
powder feeding rate and step sizes during deposition of adjacent passes. 
 
For aluminum base coating optimization we used two types of aluminum powders 
with different flow abilities.  Identified as Al-1, the powder was dried at 200 °C for 2 
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hours to reduce the hygroscopic effect. Al-2 powder was used in as received condition. 
The two types of carrier gasses used in this experiment were ambient air and industrial 
grade compressed nitrogen. 
 
 
Figure 5.1 Schematic of the robot scan pattern with spraying direction and step size. 
 
Several experiments, which were conducted with different traverse speeds using 
Al-1 and Al-2 powders deposited with air and nitrogen, are outlined in Figure 5.2. The 
visual differences in surface topology that resulted from those experiments are 
represented in Figure 5.3.  It was found that coating thickness decreased linearly with 
increased table travel speed as shown in Figure 5.2. This parameter is found to be 
consistent with repeated experiments and useful in controlling the coating thickness 
according to the application requirement. However reducing the travel speed produced 
larger surface pits on the top coating surface. The travel speed of ~36 mm/s is found to be 
the optimized parameter for obtaining a smooth and acceptable surface quality. 
  
 
Figure 5.2 Effect of traverse speed on 
 
 
Figure 5.3 Comparison of surface quality of coatings deposited at different trave
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the average thickness of aluminum coating. 
 
rse speed. 
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5.1.2   Effect of Powder Hopper Settings 
The powder feeding system used in this study consists of two stages. The upper 
part is 400 ml conical hopper and is pneumatically vibrated to facilitate the powder flow 
into the lower 50 ml conical hopper into which powder feeding line is connected (Figure 
5.4).  Powder is delivered to the spray gun through the powder feeding pipe due to the 
negative pressure created in the divergent portion of the CS nozzle.  
 
 
Figure 5.4 Schematic of the powder feeder used in the experiment.  
 
Coating consistency in terms of the coating thickness and surface finish can be 
controlled through the vibration setting of the hopper, which can be adjusted between 1 – 
100 % which corresponds to 0 – 0.6 g/s.  Influence of the hopper vibration settings on the 
coating resulting thickness at three different settings is given in Table 5.1. Two types of 
aluminum powder mixtures Al-1 and Al-2 were used in this experiment. 
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 Vibration setting *(%) 
Powder 
designation 
30 50 70 
Coating thickness (mm) 
Al-1 0.18 ± 0.02 0.44 ± 0.05 0.52 ± 0.06 
Al-2 0.22 ± 0.03 0.22 ± 0.04 0.22 ± 0.03 
 
* hopper filled up to 50% volume 
Table 5.1 CS coating thickness as a function of hopper vibration setting. 
 
It was found that under the investigated test conditions, hopper vibration setting 
significantly differ depending on the types of powder they are charged with. It was found 
that hopper vibration is more suitable to control the powder feeding rate of free flowing 
Al-1 powder, which was preliminary dried. This can explain the powder flowing pattern 
observed during spraying. Because of the free flowing state, Al-1 powder flows through 
the hopper throat in a controlled manner corresponding to the low vibration setting.  On 
the other hand, Al-2 powder flow is localized to a spherical zone near the throat due to 
high internal friction between the walls and powder particles, with vacuum bubbles 
forming and collapsing when air tries to enter from the top of the hopper.  This results in 
compaction and agglomeration of the powder particles, which further hinders the flow. 
Therefore, intensive vibration plays an important role in overcoming the frictional forces 
and ensuring uniform powder feeding rate with non-free flowing powder. The effect of 
hopper vibration settings on the surface quality of the coatings deposited using Al-2 
powder mixture is shown in Figure 5.5. 
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Figure 5.5 Comparison of surface quality of coatings deposited at different hopper vibration  
  settings. 
 
It appears that the coating surface finish changes from acceptable quality, which 
is smooth and free from open porosity, to inferior quality with increasing the vibration 
level. Intensive vibration increases powder concentration in the CS nozzle and promotes 
agglomeration of powder particles thus reducing the average velocity of the powder laden 
gas stream. Hence, the coating surface becomes rougher with increasing vibration 
settings. 
 
Besides the hopper vibration settings, the powder level in the hopper also has an 
influence on the coating thickness and surface quality. Apparently, the powder level in 
the hopper affects the powder supply rate as well, and different powders respond 
differently to it. The coatings were investigated using both Al-1 and Al-2 powders, and 
their comparison is shown in Table 5.2.  
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 Powder level in hopper (vol. %) 
Powder 
designation 
25 50 75 
Coating thickness (mm) 
Al-1 0.31 ± 0.05 0.38 ± 0.06 0.41 ± 0.06 
Al-2 0.22 ± 0.03 0.25 ± 0.04 0.25 ± 0.03 
 
Table 5.2 CS coating thickness as a function of powder level in the hopper for two  
   different powders. 
 
Al-1 powder mixture is more sensitive to the powder level in the hopper since it 
produces a thicker coating without changing the other CS parameters. This is due to the 
change in the powder gravimetric density. The flow rate of non-free flowing powder Al-2 
is unaffected by the powder level in the hopper. Surface finish of the coatings, deposited 
using Al-1 powder with three different powder levels in the hopper, is compared in 
Figure 5.6. Surface quality is acceptable and comparable in all cases, but it is evident that 
the lesser the powder levels in the hopper, the better the surface finish is due to the lesser 
powder stack load in the hopper and smoother powder feed. 
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Figure 5.6 Influence of the powder level (vol. %) in the hopper on coating surface quality. 
 
5.1.3   Effect of Powder Feeding Rate 
Powder feeding rate significantly influences the coating thickness, coating surface 
quality and deposition efficiency of CS coatings; therefore it can be used as a controlling 
parameter to obtain preferred coating thickness. Powder feeding rate also largely 
influences consistency of coating thickness which is resulted from fluctuations of powder 
flow at high rates. This effect of uneven powder supply in CS nozzle is called pulsing and 
is identified as lumps of powder projected onto the substrate at regular time intervals 
(Figure 5.7).  
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Figure 5.7 The effect of pulsing occurring in the CS nozzle: 
   (a) –  bad quality coating resulted from pulsing; 
   (b) – good quality coating with uniform coating thickness. 
 
The effect of powder feeding rate on the coating thickness completed in a single 
pass is shown on Figure 5.8. 
 
 
 
Figure 5.8 Effect of the powder feeding rate on the coating thickness for Al-1 powder. 
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A set of experiments were designated to study the influence of the CS process 
parameters on pulsing. The effect of powder flow ability and hopper vibration settings, 
which resulted in three different levels of powder feeding rate, was assessed against the 
resultant surface quality of the CS coatings (Table 5.3).  It was found that powder flow 
ability has significant influence on the pulsing effect. Non-free flowing powders have 
high tendency for pulsing due to the agglomeration of powder particles in powder feeding 
system. Therefore, preliminary drying was performed for the CS powders to reduce 
hygroscopic influence on the powder flow and ensure integrity of the produced TBC’s.  
 
5.1.4   Effect of the Step Size between Adjacent Passes 
To avoid wavy patterns in the coatings, the study was conducted to determine the 
optimal step sizes while spraying adjacent passes next to each other. Three different step 
sizes were chosen to study the effect of step size on coating thickness and coating surface 
quality. The influence of step size on the coating thickness of Al-1 and Al-2 powder 
mixtures is summarized in Table 5.4. It reveals that step size has a strong effect on 
coating thickness with both powder mixtures. Coating thickness of both powders 
decreased with increasing the step size, but thinner coating was formed in case of non-
free flowing powder Al-2 compared to the free flowing Al-1. The surface texture of the 
coatings deposited using Al-1 powder with different step sizes is shown in Figure 5.9.  It 
is clearly seen that a step size of 3 mm results in a more uniform texture with the 
minimum quantity of pores. 
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Powder feeding rate, 
(g/s) 
Hopper vibration 
setting 
Powder 
flow ability 
Pulsing effect 
Low 
0.2 
Low 
30% 
low high 
high low 
high 
70% 
low high 
high low 
Medium 
0.4 
Low 
30% 
low high 
high low 
high 
70% 
low high 
high low 
High 
0.6 
Low 
30% 
low high 
high low 
high 
70% 
low very high 
high low 
 
Table 5.3 Influence of CS parameters on pulsing effect determined by visual  
   examination of the coatings. 
 
 Step size (mm) 
Powder 
designation 
1.8 3 5 
Coating thickness (mm) 
Al-1 0.63 ± 0.07 0.50 ± 0.06 0.45 ± 0.06 
Al-2 0.58 ± 0.06 0.42 ± 0.05 0.31 ± 0.05 
 
Table 5.4 Influence of step size on the coating thickness for Al-1 and Al-2 mixtures 
   with different flow ability. 
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Figure 5.9 Appearance of the coating surface deposited using different step sizes. 
 
5.1.5   Effect of Using Different Types of Carrier Gases 
The suction pressure, created at the powder inlet area by two different process 
gasses, was measured in divergent portion of the CS nozzle using a vacuum gauge. 
Observation was that higher negative pressure is created by nitrogen due to its higher 
velocities archived in the nozzle. This resulted in introducing more powder from the 
powder feeder when nitrogen is used than in the case of air. The surface quality of a 
coating with 0.7 mm thickness, deposited using two different gases, was compared and 
resulted in rough quality surface with open porosity in both cases, however coating 
thickness was uniform over the entire area. We found that surface quality of the coatings 
produced using nitrogen gas can be improved by using a pulse type hopper dispenser that 
prevents excess power flow in to the nozzle which is common in gravity feeders. 
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Figure 5.10 Variation of the coating thicknesses for Al-1 and Al-2 powders deposited using   
  different carrier gasses. 
 
5.1.6   Resultant Selection of CS Parameters for TBC Deposition 
As a result of the parametric study conducted to investigate the effect of CS 
parameters and feed stock characteristics on the uniformity of coating thickness and 
surface quality, the base process parameters and particulate material requirements were 
identified. These include the hopper vibration setting of 30 %, ~ 25 - 50 vol. % of powder 
level in the hopper, step size between passes equal to 3 mm, CS nozzle travel speed of 36 
mm/s and powder feeding rates of ~ 0.3 - 0.4 g/s. Particulate materials, suitable for 
obtaining a uniform coating with good surface quality, should have good flow ability, 
thus they have to be dry and have a calibrated mesh size of ~ 270 – 325, similar to Al-1 
powder used in the experiment. Among the process gases studied in this work, air was 
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found to be a good choice cost wise, considering the low aluminum coating porosity 
obtained by this gas with following densification by SPD of stainless steel. 
 
5.2   Super Deep Penetration (SDP) Characterization Metal Alloy Powders 
The effect of SDP achieved by CS was studied for SHS-717, AMS-4777 and A-
4783 powders projected onto a previously deposited aluminum layer at the air 
temperature of 300 °C. The porosity of the aluminum layers was measured by hydrostatic 
weighting and the value received was ~ 7 – 10 %; the thickness of the aluminum layer 
was  ~ 100 µm. To achieve accurate and consistent powder concentration in the CS 
nozzle required for uniform stainless steel distribution within the aluminum layer, the 
powder feeding rate was controlled by the powder feeding system and air flow rate in the 
nozzle was controlled by the pneumatic control valve. The results of powder 
concentration from different control methods are shown in Figure 5.11. It seems possible 
to achieve high accuracy of the powder feeding rate in the range of ~ 0.1 - 0.2 g/sec under 
any variation of gas flow in the nozzle, thus making it possible to provide a consistent 
particle penetration depth. 
 
The metal powders embed and SDP effect of SHS-717 particles projected into the 
aluminum layer is shown in optical images (Figure 5.12). The microstructure 
examination results reveal that SDP layer thickness and concentration of the SHS-717 
particles in the SDP layer depend on CS parameters. It is interesting to note that the 
thickness of the SDP layer seems to depend on the concentration of SHS-717 particles in 
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the aluminum layer and the overall thickness of the obtained composite layer does not 
increase, thus compaction and densification of CS aluminum take place during SDP.  
 
 
 
Figure 5.11 The particle volume concentration in powder laden jet of CS nozzle: 
  1 - air flow rate 0.25m3/min; 2 - air flow rate 0.3m3/min; 3 - air flow rate 0.5m3/min. 
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Figure 5.12 Optical images of aluminum layers with embedded SHS-717 particles  
   deposited at 500 °C and processing parameters: 
   (a)  –  powder feeding rate Wp =0.2 g/s, traverse speed Vn=30 mm/s; 
   (b) – Wp = 0.4 g/s, Vn=30 mm/s; 
-b- 
-c- 
-d- 
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   (c) – Wp = 0.6 g/s, Vn=30 mm/s; 
   (d) – Wp = 0.6 g/s, Vn=10 mm/s. 
 
The average content of embedded phase in the SDP layer was defined by EDS 
analysis during SEM examination. Dependences of embedded particles concentration on 
the traverse speed, c = f (Vn) were constructed for three experimental powders SHS-717, 
AMS-477 and A-4783 (H-33) (Figures 5.13 a; 5.14 a; 5.15 a). The functions of the SDP 
layer thickness L vs Vn are presented on Figures 5.13 b; 5.14 b; 5.15 b in the same order. 
The experimental results indicate clear trend in correlations between SDP layer structure 
characteristics and CS technology parameters. Each powder material has its own optimal 
SDP characteristics because SDP process depends on the density of stainless steel 
powders as well as the fracture resistance of the particles to impact. 
 
 
 
 
 
  
 
Figure 5.13 SPD characteristics of 
   (a)
             
   (b) 
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SHS-717 powder: 
 –  thickness of SHS-717 layer vs. traverse speed, Vn
feeding rate, Wp; 
– concentration of SHS-717 layer vs. traverse speed, 
feeding rate, Wp;.  
20 40 60 80
Traverse Speed, mm/s
Powder feed rate 0.2g/s
Powder feed rate 0.4 g/s
Powder feed rate 0.6g/s
20 40 60 80
Traverse Speed, mm/s
Powder feed rate 0.2g/s
Powder feed rate 0.4g/s
Powder feed rate 0.6g/s
 
 
 and powder  
Vn and powder  
100
100
  
 
Figure 5.14 SPD characteristics of AMS
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-4777 powder: 
 –  thickness of AMS-4777 layer vs. traverse speed, 
feeding rate, Wp; 
– concentration of AMS-4777 layer vs. traverse speed, 
powder feeding rate, Wp. 
20 40 60 80
Traverse Speed, mm/s
Powder feed rate 0.2g/s
Powder feed rate 0.4g/s
Powder feed rate 0.6g/s
20 40 60 80
Traverse Speed, mm/s
Powder feed rate 0.2g/s
Powder feed rate 0.4g/s
Powder feed rate 0.6g/s
 
 
Vn and powder  
Vn and  
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100
  
 
Figure 5.15 SPD characteristics of A
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-47783 powder: 
 –  thickness of A-4783 layer vs. traverse speed, Vn and powder 
feeding rate, Wp; 
– concentration of A-4783 layer vs. traverse speed, 
powder feeding rate, Wp. 
20 40 60 80
Traverse Speed, mm/s
Powder feed rate 0.2g/s
Powder feed rate 0.4g/s
Powder feed rate 0.6g/s
20 40 60 80
Traverse Speed, mm/s
Powder feed rate 0.2g/s
Powder feed rate 0.4g/s
Powder feed rate 0.6g/s
 
 
 
Vn and   
100
100
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Experimental results shown on Figures 5.13 – 5.15 were approximated by linear 
functions with simulation accuracy in the range of R2 = 0.8 - 0.95. The coefficients of 
linear approximations are given in Table 5.5 for the average concentration of embedded 
particles, and Table 5.6 for the average thickness of SPD layer. 
 
 
 
b Co 
Wp, g/s  SHS717 AMS 4777 A 4783  SHS717 
AMS 
4777 A 4783 
0.2 0.136 0.11 0.06 25.3 20.2 19.7 
0.4 0.19 0.1 0.07 32.1 24.2 25.4 
0.6 0.215 0.07 0.117 36.6 22.4 31.2 
 
Table 5.5 Approximation coefficients for the function of average concentration of  
   embedded particles,  c = co - b·Vn. 
 
k Lo 
Wp, g/s  SHS717 
AMS 
4777 A 4783  SHS717 AMS 4777 A 4783 
0.2 0.172 0.314 0.215 23.308 38.35 34.6 
0.4 0.5421 0.276 0.372 52.037 40.47 51.31 
0.6 0.6916 0.327 0.41 62.39 47.4 55.05 
 
Table 5.6 Approximation coefficients for the function of average thickness of SPD  
   layers,  L = Lo - k·Vn. 
 
 Analysis of the linear approximation coefficients clearly shows the increase of the 
sensitivity of the SDP process to any
powders. Microstructural e
particles during Cold Spray process (Fig
 
 
 
Figure 5.16 SEM images of SDP layers for:
   (a)
 
The fracture process during SD
refined powder mixture with large contact area between particulate fractions 
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 change of the transverse speed for all stainless steel
xamination of SDP layers shows the intensive fracture of the 
ure 5.16).  
   
 
 
 – SHS-717 powder;  (b) – AMS-4777 powder;  (c) 
P is desirable from the viewpoint of obtaining 
-a- 
-c- 
 
 
– A-4783 powder. 
ready to 
-b- 
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further reaction synthesis during coating sintering. Aluminum layer also undergo 
structural change during the SDP process and it is evident due the essential hardening of 
the aluminum matrix, which was evaluated by micro-hardness test (Table 5.7). 
 
Coating 
designation Composition Microhardness HV0.1 
  Particle 
Near particle 
area Al  layer 
A 356 alloy 
substrate 
SHS 717 
 
Fe–25Cr– 8Mo–
10W–5Mn–5B–2C–
2Si 
918 
 
147 
 
111 
  
AMS 4777 
 Ni –Cr-Si-B 
955 
 
150 
 
83.5 
 
162 
 
A  4783 
 Co-Cr-Ni 
1833 
 
131 
 
96.4 
 
154.6 
 
 
Table 5.7 Micro-hardness of the aluminum matrix of the composite as-sprayed coatings. 
 
The results reveal about intensive local deformation taking place near the stainless 
steel particle area and essential hardening of the porous aluminum layer. 
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5.3   Synthesis of Intermetallics in Multilayer CS Coatings 
As shown in Chapter IV, the thermo-physical properties of multilayer 
intermetallic coatings are functions of intermetallic layer thickness, structure and contact 
area with the ductile matrix. Usually, multilayer intermetallic coatings are produced by 
reaction synthesis in alternatively stacked layers of two different metals [84, 85]. The 
intermetallic layer at the interface grows as a result of the solid state diffusion. Hence, the 
kinetics of the diffusion process is the key to optimize intermetallic properties. To study 
the TBC reaction synthesis process cold sprayed samples of 30 X 30 mm size were 
sintered in nitrogen atmosphere at temperatures of 500, 550, 575, 600 and 625oC during 
1, 2, 3 and 4 hours. After sintering, the samples were mounted in epoxy resin, sectioned 
perpendicular to the reaction surface, polished using standard metallographic technique 
and examined by optical microscopy and SEM with EDS. The thickness of intermetallic 
layers on SHS-717, AMS-4777 and A-4783 particles was measured for different sintering 
conditions. At least 20 measurements were made to get average layer thickness. The 
different morphologies of one layer of each coating are shown in Figure 5.17. 
 
 
 
 
 
 
 
 
 
  
 
Figure 5.17 SEM images of
  (a) – SHS-717 layer after 
  (b) – AMS
  (c) – A-4783 
 
5.3.1   Determination of Intermetallic Diffusion Zones
SHS-717, AMS-4777 and A
shown in Chapter 4 (Figure 4.14)
layers were deposited with low powder feeding rate 
steel layers (Figure 5.18). The general view of multilayer coatings after 
-b- 
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 individual stainless steel layers as sprayed: 
spraying with powder feeding rate of 
-4777 layer after spraying with powder feeding rate of 0.
layer after spraying with powder feeding rate of 0.
 
-4783 particulate layers have different thickness
. So, to study kinetics of the diffusion, the particulate 
of ~ 0.15 g/s to obtain thin stainless 
c
 
 
0.6 g/s; 
1 g/s; 
1 g/s. 
es as 
old spraying at 
-a- 
-c- 
 20 oC and sintering at 550
particle can be clearly identified, however determination of the thickness of the diffused 
intermetallic phases in particulate materials has some difficulties compare to the 
diffusion kinetics experiments
define [85]. 
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oC are shown on Figure 5.18. The diffusion zones in each 
, where the thickness of the transform layers is easy to 
classical 
 
 
-a- 
-b- 
  
 
 Figure 5.18 SEM images of individual stainless steel layers as sprayed:
   (a)
   (b) 
   (c) 
   (d) 
 
In this study we consider the embedded stainless steel 
base for the diffusion layer determination. As shown in Chapter 3, the 
size of SHS-717, AMS-4777 and A
135 
 – AMS-4777 multilayer coating as sprayed; 
– SHS-717 multilayer coating after annealing at 550 
– AMS-4777 multilayer coating after annealing at 550 
– A-4783 multilayer coating after annealing at 550 
particle diameter as the 
maximum 
-4783 powders is about 45µm, and 80% of the 
 
 
 
°C; 
°C;  
°C. 
particle 
-c- 
-d- 
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spherical particles have this size. Due to indefinite location of the particles relatively to 
the cross-section plane in the metallographic specimen, only selected particles are 
sectioned at the diametrical plane (Figure 5.19 a). 
 
 
 
 
Figure 5.19 Location of the section plane of stainless steel particles in the specimen: 
   (a) – only the middle particle a is sectioned at the diametrical plane,  
            other particles b and c expose smaller than diameter cuts; 
   (b) – real image of the particle cross-section after sintering at 575°C.  
 
-a- 
-b- 
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Another difficulty in the analysis of the layer microstructure images is the various 
sizes of the diffusion layers which grow into both aluminum matrix and stainless steel 
particles. It is safely to assume that the biggest particles of the size of 45 µm will be 
transformed into the biggest intermetallic particles. So, based on this assumption we may 
define the biggest intermetallic areas as the diffusion zones of the big particles, and the 
task of the microstructure analysis is to define the thicknesses and phase compositions of 
intermetallic layers around the biggest particles. Figure 5.20 a shows that only one 
particle in image 5.19 a, marked by a red arrow, is cut at the diametrical plane, and its 
diameter is of 40 µm. The similar images are shown in Figure 5.19 b & c, thus the 
average thickness of the intermetallic diffusion layer may be defined by measurement of 
the images of the largest particles in the layer, and the effect of aluminide layer growth 
was evaluated based on this assumption. 
 
 
 
 
 
 
-a- 
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Figure 5.20 Optical images of AMS-4777 composite coatings: 
   (a) –  coating as sprayed with the largest particle in the cross section; 
   (b) – coating after annealing at 500°C, magnification  x 200; 
   (c) – coating after annealing at 500°C, magnification  x 500. 
 
-b- 
-c- 
 5.3.2   Determination of Intermetallic Growth Kinetics
On the base of the 
proportion with growth kinetics, the average thickness of 
embedded particles may be used to calculate the kinetic parameters 
between the stainless steel embedded particles and aluminum matrix 
annealing that was performed at a temperature of 625
self propagating high temperature synthesis (SHS) on all specimens, formation of 
zones which resulted in warping of the specimens, disassociation of the stainless steel 
layers, their thorough mixing with the aluminum matrix and homogeneous precipitation 
of the stainless steel particles with aluminum [Figure 5.2
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assumption that intermetallic layer thickness exhibits the 
the aluminide layer 
for the 
[85]. 
°C resulted in the fast inception of 
1]. 
direct 
around the 
diffusion 
However, the 
melted 
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Figure 5.21 SEM images of the specimens annealed at 625 
   (a)
   (b) 
   (c) 
140 
°C: 
 –  SHS-717 multilayer coating; 
– AMS-4777 multilayer coating; 
– A-4783 multilayer coating. 
 
 
-b- 
-c- 
  
The measurement results of 
particles were performed on specimens annealed at temperatures 
600°C because SHS reactions proceed at further temperature increase
showing the aluminide layers growth with time are represented 
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the aluminide layer thickness around 
500, 550, 575 and
. The dependences 
on Figure 5.2
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Figure 5.22 Dependences of aluminide intermetallic layers grow on time for:
   (a)
   (b) 
   (c) 
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 –  SHS-717 particles embedded into aluminum matrix
– AMS-4777 particles embedded into aluminum matrix
– A-4783 particles embedded into aluminum matrix
specimens reveal regular gradual trends 
on temperature and time during the solid state diffusion. 
A-4783 particles exhibit SHS reactions with aluminum
s close to ~ 600oC. This transition from solid state diffusion to 
on the graphs of Figure 5.21 b & c. The thickness
ing, what is demonstrated on Figure 5.2
50 100 150 200
Sintering time, τ,   min
500C 550C 575C 600C
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of 
 matrix 
es of the 
3. 
250
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Figure 5.23 Optical images of the coating microstructure after annealing at 600 oC for: 
   (a) –  AMS-4777 particles embedded into aluminum matrix; 
   (b) – A-4783 particles embedded into aluminum matrix. 
 
The above analysis of reaction kinetics of Al-Fe intermetallic compounds clearly 
shows the possibility for controlled solid state intemetallic synthesis of separate SHS-717 
particles at temperatures of ~ 550 - 600oC. AMS-4777 Ni alloy particles and A-4783 Co-
Ni-Cr alloy particles exhibit a similar behaviour at a narrower temperature range of ~ 550 
- 575oC. The SHS reactions take place at higher temperatures which results in an increase 
of the intermetallic layer thickness on the particles.  It is seen on images of A-4783 Co-
Ni-Cr alloy particles before and after sintering at a temperature of 575oC (Figure 5.24). 
Co alloy particle has fractured outer areas after impact with the aluminum layer (Figure 
5.24 a). The diffusion of aluminum into the similar Co particle, shown in Figure 5.24 b, 
resulted in the intermetallic compound formation. A lot of cracks are being generated in 
this case because of the sharp increase of the reaction temperature due to highly 
exothermic nature of SHS reactions. 
 
-a- -b- 
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Figure 5.24 SEM images of A-4783 Co-Ni-Cr alloy particles: 
   (a)  –  before annealing; 
   (b)  – after annealing at the temperature of 575oC. 
 
The intermetallic layer formation from the cold sprayed layers, containing the 
high concentration of metal particles in the aluminum matrix, occurs with the same 
mechanism. The growth of the intermetallic layers of SHS-717 in aluminum matrix is 
shown on Figure 5.25. The annealing was performed at the temperature of 575oC during 
2 hours. The layers consist of some phases of different morphology with the presence of 
the remained original SHS-717 cores, represented by bright spots, which still exist in the 
structure. 
 
-a- -b- 
 145 
 
 
 
Figure 5.25 Images of SHS-717 in aluminum matrix composite after sintering at the  
   temperature of 575oC during 2 hours: 
   (a)  –  magnification 200X; 
   (b)  – magnification 1600X on the bottom layer of image –a-. 
 
The thickness of the intermetallic layers formed during annealing of SHS-717 in 
aluminum matrix composite depends on the initial cold sprayed layer thickness which is 
usually in the range of  ~ 20 – 100 µm. The chemical and phase compositions of the 
-a- 
-b- 
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intermetallic layers were determined by SEM & EDS analysis, as shown on Figure 5.26, 
and XRD techniques, which are described in details in Chapter VI. 
 
 
 
 
 
 
 
 
Figure 5.26 EDS of the intermetallic phases of SHS-717 – aluminum composite showing 
   phase distribution in one particle after annealing at 550oC during 1 hour. 
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5.4   Summary 
The studies of CS optimization parameters were performed and the coatings with a 
uniform layer thickness of ~ 0.15 – 0.2 mm were obtained. Multilayer cold sprayed coatings 
consisting of a stack of six composite layers were heat treated to synthesize intermetallics. 
The experiment has shown that the intermetallics can be obtained around the embedded 
metal alloy powders at the temperature range of ~ 500 – 600 °C. The annealing time of two 
hours is sufficient to convert the average size stainless steel particle of ~ 50 µm into 
intermetallic with the diffusion zone almost twice bigger than its original size. The expanded 
diffusion areas of intermetallics can be brought together to form a solid intermetallic layer 
with low thermal conductivity. Precise temperature control is required during the annealing 
to avoid rapid temperature rise and subsequent initiation of SHS reaction that can lead to the 
disintegration of an intermetallic layer. 
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CHAPTER VI 
TBC PROPERTIES AND RESULTS ANALYSIS 
 
This chapter presents and discusses the results of TBC examinations obtained 
on the test specimens that were processed through the technological steps described in 
Chapter V. Analysis of the intermetallic formation during annealing of the cold sprayed 
composite coatings reveal mechanism of nucleation and growth of various Al-Fe-Cr-Si, 
Al-Ni-Cr and Al-Co-Ni phases within TBC with their own physical properties. In order 
to evaluate them, the tests and experiments described in Chapter III were deployed in 
this study which allows us to determine the main TBC properties, including: 
- thermal conductivity; 
- thermal diffusivity; 
- coefficient of thermal expansion (CTE); 
- coating adhesion; 
- hardness; 
- elasticity; 
- thermo-mechanical fatigue (TMF); 
- phase composition by SEM, EDS and XRD. 
 
6.1   Thermal Conductivity and Thermal Diffusivity of Intermetallic TBC 
This section will discuss how to define the effective thermal conductivity of the 
overall intermetallic TBC on the aluminum substrate using the laser flash method, and 
based on this data, how to calculate the thermal conductivity of the intermetallic layers 
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themselves. The thermal diffusivity, α and specific heat capacity, cp were measured using 
the laser flash analyzer, and the overall sample density, ρ was determined by hydrostatic 
weighting. The calculation of the effective thermal conductivity ke of the disc samples 
coated with TBC is performed using the equation: 
\   `                                                         (6.1) 
In accordance with the experimental procedure described in Chapter 3.4.3, the 
density, ρ and the specific heat capacity, cp of the composite material may be calculated 
based on the rule of mixtures: 
`     `   `aa  ;              and                        (6.2) 
     aa ;                                               (6.3) 
where     ` and  `a are the specific heat capacities of the intermetallic and aluminum 
layers respectively;   and a are the densities of the intermetallic and aluminum 
layers;   and  a are the volume fractions of the intermetallic and aluminum layers. 
 
   As shown in Chapter IV, Section 4.2.2, the effective thermal conductivity for 
two phase layered material, i.e. Maxwell – Eucken series model, is easy to calculate using 
Equation 4.7. The thermal conductivity of the intermetallic layer, kIN  may be determined 
using the known parameter kAL  for aluminum (~ 220 W/mK), and the known values of 
 and  a determined by the metallographic sample image analysis:  
  1\ > aa
                                                      6.4 
During the experiment three types of cold sprayed specimens with SHS-717, 
AMS-4777 and A-4783 powders were annealed in the nitrogen atmosphere at 
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temperatures of 300, 400, 500, 550, 575 and 600oC during 3 hours, and then the thermal 
diffusivity and specific heat capacity were measured at the same temperatures for each 
sample. This avoided the influence of continuation of the intermetallic diffusion reactions 
during the heating of the specimens while performing the laser flash tests. 
 
6.1.1   Thermal Conductivity & Diffusivity of SHS-717 Iron – Based Intermetallics 
Experimental and calculation results for SHS-717 - Al composite coating are 
shown in Figure 6.1. It can be seen that the thermal diffusivity of the specimen annealed 
at T = 300oC is only slightly less than that of regular aluminum alloys [1] because of the 
effect of layers consisting of SHS-717 particles with low thermal conductivity. Increase 
of the annealing temperature leads to the development of solid state diffusion and 
formation of Al-Fe-Cr-Si intermetallics that result in a fall of thermal diffusivity, α. 
Intensive formation of intermetallics in the SHS-717 particulate layers due to the reaction 
diffusion at the temperatures of ~ 500 - 600oC results in obtaining a thermal diffusivity in 
the range of ~ 6 – 16 mm2/s (Figure 6.1 b). A two fold increase of the number of thermal 
barrier layers up to six leads to the decrease of  the effective thermal conductivity, ke  
from 15.3 to 5.6 mm2/s at annealing temperature T = 600oC. The values of the effective 
thermal conductivities, ke  seem to be stabilized in the temperature range of ~ 550 - 
600oC. The results of the calculated intermetallic thermal conductivity for 3 and 6 layers 
TBC, based on Equation 6.4, are depicted in Figure 6.1 b. It can be seen that the average 
values for kINT are similar in both cases, with the difference between kINT-3 and kINT-6  at 
the temperatures of  ~ 550 - 600oC varies in the range of ~ 1.0 - 1.2 W/mK. These values 
of kINT are smaller than in the reference work [17, 44] for Fe3Al+5%Cr and FeAl. The 
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possible reason for the difference seems to be the high alloying of FeAl compound with 
Ni, Cr, Si and B which results in changing the phase electron structure. 
 
 
 
Figure 6.1 SHS-717 iron – based intermetallic TBC: 
   (a) –  thermal diffusivities, α obtained at different annealing temperature  
             for 3 and 6 layer TBC; 
   (b) – effective thermal conductivities, ke and calculated intermetallic  
            thermal conductivity, k
INT obtained at different annealing temperature 
            for 3 and 6 layer TBC. 
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As shown in Chapter V, solid state diffusion mechanisms of intermetallic 
structure formation proceed intensively at temperatures of ~ 550 -575oC. The self-
propagating high-temperature synthesis of SHS-717 layers is found to start at the 
temperature of ~ 600 - 625oC and results in the formation of composite coating with the 
lowest thermal conductivity. However, the presence of the liquid phase and further 
crystallization of SHS products result in crack formation and significant distortion of the 
composite which makes the process application more difficult. 
 
6.1.2   Thermal Conductivity & Diffusivity of AMS-4777 Nickel – Based Intermetallics 
Figure 6.2 (a) compares the annealing temperature dependence of the thermal 
diffusivity for 3 and 6 layers TBC of AMS-4777 - Al composite coatings. It can be seen 
that the effect of the number of Ni-Al intermetallic layers is similar to the Fe-Al TBC. 
However, the effective thermal conductivity slightly depends on the number of Ni-Al 
intermetallic layers (Figure 6.2 b). The minimal thermal conductivity of Ni-Al 
intermetallic layers varies in the range of ~ 14 – 15 mm2/s. These data are similar to those 
obtained for Ni-Al powder compacts and Ni3Al compounds in work [90]. 
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Figure 6.2 AMS-4777 nickel – based intermetallic TBC: 
   (a) –  thermal diffusivities, α obtained at different annealing temperature  
             for 3 and 6 layer TBC; 
   (b) – effective thermal conductivities, ke and calculated intermetallic  
            thermal conductivity, k
INT obtained at different annealing temperature 
            for 3 and 6 layer TBC. 
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As shown in reference [90], the thermal conductivity of the powder compacts 
decreases to 10.5 W/mK after heat treatment for 1000 h at 4000C, which must be 
associated with the formation of intermetallics and Ni solid solution layers. Figure 6.3 
shows that the thermal conductivity of the Ni-Al solid solution alloys is much lower than 
that of pure elements [90]. It is found that the thermal conductivities of the intermetallic 
phases are rather higher than the interpolated values for disordered states with 
corresponding compositions; however, they are still lower than those of pure elements 
that compose the alloys. These intermetallic phases and Ni-Al solid solutions formed 
between and inside of particles, govern the thermal conductivity of the long term heat 
treated compact. The formation of those phases through the solid state diffusion process 
is the key nature of the reaction synthesis. This implies that the thermal conductivity of 
Ni-Al composite coatings significantly changes during the reaction synthesis and the long 
term time factor should be taken into account for precise modeling of the reaction 
synthesis. 
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Figure 6.3 Thermal conductivities of various phases in Ni-Al alloys [90]. 
 
6.1.3   Thermal Conductivity & Diffusivity of A-4783 Cobalt – Based Intermetallics 
The Co-Al and Co-Ni-Al alloy systems are very attractive for the research of 
thermal conductivity because of the abundance of phases with decagonal (D) and related 
crystalline structures. Various D-structures were found to be stable at about ~70 - 72.5 
atomic weight of Al and wide range of Ni and Co concentrations [91, 92]. As shown in 
Chapter V, the reaction diffusion in A-4783 - Al coating may result in formation of 
decagonal type phases that influence the thermo physical properties of the coated 
samples.  The results of thermal diffusion tests are shown on Figure 6.4 (a). The main 
effect of the annealing temperature on the thermal diffusivity is obtained for the 
temperature range ~ 550 - 600oC. The dependence of the thermal conductivities on the 
annealing temperatures for Co-Al  intermetallics is similar to those of Ni-Al, that reveals 
about the similar nature of the diffusion reactions in intermetallics (Figure 6.4 b). 
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Figure 6.4 A-4783 cobalt – based intermetallic TBC: 
   (a) –  thermal diffusivities, α obtained at different annealing temperature  
             for 3 and 6 layer TBC; 
   (b) – effective thermal conductivities, ke and calculated intermetallic  
            thermal conductivity, k
INT obtained at different annealing temperature 
            for 3 and 6 layer TBC. 
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at room temperature [93, 94] (Figure 6.5). In order to estimate the thermal conductivity at 
stoichiometry, the extrapolations are tentatively made by strait lines from both sides of 
stoichiometry [93]. In Ni-Al case the thermal conductivity reaches a maximum at 
stoichiometry and decreases with deviation from stoichiometry. As shown by [93], the 
thermal conductivity at stoichiometry extrapolated from Al side is in good agreement 
with those obtained from the metal side. The data from reference [95] is also shown on 
this plot which is also in good agreement with Terada results. 
 
The Co-Al intermetallics exhibit the similar variations of their thermal 
conductivities from phase content to those of Ni-Al.  Fe-Al  intermetallics have the 
lowest thermal conductivity and the effect of stoichiometry is not distinguished on Figure 
6.5. From this viewpoint the application of Fe-Al intermetallics as TBC seems to be the 
most promising. 
 
  
Figure 6.5 Thermal conductivity of aluminides as a function of Al concentration at  
   room temperature [93, 95]. 
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In order to determine the intermetallic thermal conductivities evolution with the 
change of the environment temperature, the samples annealed at 575oC during 3 hours 
were tested at the different temperatures. The dependence of their thermal conductivities 
from the ambient temperatures is shown on Figure 6.6. 
 
 
Figure 6.6 Thermal conductivities of the intermetallic layers in TBC made from  
   SHS-717, AMS-4777 and A-4783. 
 
The increase of thermal conductivity with the temperature rise seems to be logical 
based on another expression of thermal conductivity, k  accepted in solid state physics : 
  	EB                                                         (6.5) 
where:      C -  specific heat per unit volume; 
      V -  average velocity of the particles (phonons in the case of non-metals 
    and electrons in the case of metals); 
      L -  sum of the mean free paths of both phonons and electrons. 
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It is well known that in pure metals the main contribution to thermal conductivity 
comes from electrons. The electron heat transport is directly proportional to the 
temperature; and depending on the kind of alloy, phonons are also expected to contribute 
significantly to the overall heat transfer, but with the certain deviation from linearity with 
the R2 veracity of ~ 93%. As shown by [96], there are three reasons for that. First, the 
electron mean free path is decreased considerably because of the impurity scattering as 
opposed to that observed in pure metals. A clear evidence of that is the considerably 
decreased value of the thermal conductivity at ambient temperature for Fe-Al 
intermetallics compared with the individual thermal conductivities for Fe with ~ 80 
W/mK, or Al with ~ 202 W/mK. Second, phonon scattering with imperfections also 
contributes to the slight negating effect of the expected linear variations; and third, the 
effective mass of the electrons in the intermetallic system is not the same as the free 
electron mass due to the increased s-d electron scattering effect [97]. 
 
The comparison of the intermetallics thermal conductivities shown in Figure 6.6 
reveals that good thermal barrier properties of SHS-717 – Al intermetallic phases were 
achieved because of their complex structure. Due to this effect, the thermal conductivities 
of these phases are evaluated to be similar to quasi-crystals, reported in reference [14], 
and metal based thermal barrier coatings (MTBC) [13]. The thermal conductivities of 
AMS-4777 - Al and A-4783 - Al layers ( both ~ 10 - 20 W/mK) are believed to be 
associated with the formation of intermetallics and Ni-Co solid solution inclusions as 
shown in Figures 6.3 & 6.5. Figure 6.3 shows that the thermal conductivity of a solid 
solution alloy is much lower than that of pure elements [90]. The effect of alloying 
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elements on thermal conductivity variations is not completely understood yet, but it 
seems to be reasonable to assume that the decrease of thermal conductivity in 
intermetallics is due to disordering of the crystal lattice by the doped intermetallic phases. 
These intermetallic phases and Ni-Co solid solution formed inside the particles govern 
the thermal conductivity of the intermetallic multilayer coating. The formation of these 
complex phases via the solid state diffusion is the key feature in the process of obtaining 
of insulation layers in the intermetallic TBC. 
 
6.2   Coefficient of Thermal Expansion of Intermetallic TBC 
Measurements of the thermal expansion were performed on the samples of TBC 
annealed at ~ 575 °C during 3 hours. The temperature dependence of the thermal 
expansion coefficients are shown on Figure 6.7.  
 
 
Figure 6.7 Coefficients of thermal expansions of  intermetallic and aluminum 
 layers of TBC made from SHS-717 (Fe-Al), AMS-4777 (Ni-Al) and A-4783 (Co-Al). 
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The analysis of thermal expansion coefficient curves of the examined multilayer 
coatings reveals about gradual increase of CTE with the rising temperature. It is well 
known that the thermal expansion is a complicated function of thermal and elastic 
properties of the individual components. With increase of temperature, the phonon 
vibrations increase, accompanied by an increased domination of the anharmonic term in 
the asymmetric potential curve [96]. This results in the increase of the CTE. The values 
of CTE for the annealed intermetallic layers and aluminum matrix slightly differ. 
However, due to the small thicknesses of both intermetallic and aluminum layers, with ~ 
50 µm and 100 µm correspondently, the stresses generated in the layers seem to be 
minimal, and the thermal shock on the multilayer TBC is expected to be much higher 
than the exploitation temperature range on the walls of the HCCI combustion chamber. 
 
6.3   Adhesion of Multilayer Intermetallic TBC to Aluminum Substrate 
The adhesion tests were performed on the samples with SHS-717 - Al multilayer 
coatings which seem to be the most suitable for engine applications because they possess 
the lowest thermal conductivity. The specimens for adhesion tests were annealed at 
different temperatures during 3 hours. Table 6.1 lists the results of the adhesion strength 
measurements. Comparison of the SHS-717 - Al coating adhesive strength shown in 
Figure 6.8 illustrates the effect of the intermetallic phase’s formation during reactive 
solid state sintering. Whilst as sprayed Al coating exhibits an adhesive strength of ~ 37 
MPa , the further super deep penetration of the SHS-717 particulate layers results in an 
increase of the adhesive strength up to ~ 40 – 44 MPa due to the additional plastic 
deformation of the ductile aluminum layer. Moreover, solid state sintering at  
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temperatures of ~ 500 – 550 °C leads to an additional increase of the adhesive strength. 
Possibly the diffusion reactions between SHS-717 particles and aluminum matrix at the 
temperatures of ~ 500 – 550 °C  result in more inter-particle bonding because the rate of 
the aluminum diffusion seems to be not as high as to achieve the Kirkendall effect [98]. 
 
 
Coating layer Processing Step 
Average 
strength, σadh,  
MPa 
Deviation, 
∆σadh , 
MPa 
Failure type 
Al layer As sprayed 37 ±2.0 adhesion 
 
6 layer SHS-717-
Al 
 
As sprayed 
 
42 
 
±2.0 
Al-SHS-717 
interface cohesion 
 
6 layer SHS-717-
Al 
 
Sintering 
550oC 
 
45 
 
±2.0 
Al-SHS-717 
interface cohesion 
 
6 layer SHS-717-
Al 
 
Sintering 
575oC 
 
40 
 
±2.0 
Al-SHS-717 
interface cohesion 
 
6 layer SHS-717-
Al 
 
Sintering 
600oC 
 
36 
 
±2.0 
Al-SHS-717 
interface cohesion 
 
Table 6.1 Results of adhesion strength measurement of investigated coatings. 
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Figure 6.8 Adhesive strength of SHS-717 coatings at various conditions. 
 
The further increase of the sintering temperature leads to the decrease of the 
adhesive strength (Figure 6.8). As it will be shown in the next paragraph, similar results 
are observed with microhardness as well, which indicates  more intensive process of 
pores and crack formation at  sintering temperatures  above ~ 550 °C.  This result may be 
illustrated by SEM image of fracture topography of the specimen after the adhesion test 
in Figure 6.9 c. Based on the topography image the conclusion is: 
- the aluminum matrix has marks of plastic deformation which allows us to obtain 
adhesive strength values in  the range of ~ 35 – 40 MPa; 
- the fracture of the intermetallic particles is brittle. However, there is no evidence 
of fracture at the particle-aluminum interface in spite of the presence of  some 
cracks visible near the particle boundary area;  
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- apparently the intermetallic particles play a reinforcement role that has to be 
taken into account when analysing coating mechanical properties. 
 
 
 
Figure 6.9 Adhesion test specimen of SHS-717 – Al coating annealed at ~ 575 °C: 
   (a) –  coated specimen before application of adhesive tape; 
   (b) – delaminated coating after the adhesion test; 
   (c) – SEM image showing the fracture topography of annealed SHS-717  
            particle in aluminum matrix. 
 
The results reveal that in  most of cases the failure type was cohesive (Table 6.1). 
That means the adhesion strength of the coating-substrate interface is greater than the 
coating itself, therefore good adhesion is expected in other types of TBC with different 
intermetallic layers. According to the adhesion strength analysis it is safe to state that the 
adhesion of the SHS-717-Al coating, prepared by the CS process, depends on the content 
of SHS-717 particles and the sintering temperature. Secondly, the layer structure of the 
-a- 
-b- 
-c- 
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reinforcement phase greatly influences the coating cohesion strength. The presence of the 
intermetallic diffusion zone within the particles increases the bond area at the aluminum-
particle interface thus enhancing the TBC cohesion (Figure 6.9 c). The latter is similar to 
the behaviour of the annealed thermal spray coatings found in the reports with regard to 
the coatings mechanical properties [13, 16, 59, 71, 72]. The main result of the adhesive 
strength determination is the achievement of high SHS-717 - Al coating adhesive strength 
up to ~ 40 MPa, which allows us to obtain sufficient TBC durability. 
 
6.4   Microhardness Characterization of Multilayer Intermetallic TBC 
For over a century, indentation has been employed to probe into the mechanical 
behavior of various materials for a wide range of engineering applications. The 
indentation technique allows defining specific features of mechanical behavior of multi-
phase materials at micro and macro-structural levels. Micro-indentation for 
microhardness determination has been intensively applied for the investigation of micro-
mechanical behavior because the hardness is sensitive to the structure parameters, and 
indentation load-depth diagrams allow defining Young’s modulus of the materials [99-
101]. The multilayer intermetallic TBC are composites with unique structures, and they 
offer an attractive combination of properties from both material phases, j.e., high 
stiffness, high elastic modulus, low density of the intermetallics and high toughness of 
the aluminum matrix. The purpose of this study is to investigate micromechanical 
behavior of layered intermetallic TBC before and after sintering at various temperatures 
and to define the influence of the sintering conditions and the reaction diffusion on the 
properties of the composites. 
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6.4.1   Determination of Microhardness in Composites and its Evaluation Parameters 
In some cases the indentation process produces damage in the specimen because 
of the strains resulting from the stress concentration at the indenter tip. The slope of the 
unloading curve, as shown in Figure 6.10, is defined by E* which shows the real modulus 
taking into account both indenter, Ei and composite, E  Young’s modulus  as expressed 
by [102,103]: 
  1 > m  1 > m                                                 6.6 
where  v  -  Poisson's ratio of the specimen; 
 vi  -  Poisson's ratio of the indenter (~ 0.07 for the diamond indenter [99]); 
 Ei  -  Young's modulus of the indenter (~ 1141 GPa for the diamond [99]. 
Young's modulus E of the composite can be determined with Equation 6.6 after the real 
modulus E* is experimentally defined. 
       
 
Figure 6.10 The approximation of the unloading curve for microindentation: 
   (a) –  for a ductile material in accordance with [103]; 
   (b) – aluminum layer indentation curve. 
 
-a- -b- 
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The microhardness H can be obtained by experimental parameters: 
  0 0  0¡                                                    6.7 
where   Pm  -  the maximum loading force (Figure 6.10); 
 Am  -  the projected contact area (Figure 6.11); 
 hc  -   the contact depth (Figure 6.10); 
 M   -  coefficient related to the indenter type: M = ¢ QIl ; 
 l  -  the angle between the indenter surfaces and the vertical axis. 
 
In order to measure the microhardness of the stainless steel particles embedded 
into the aluminum layers the low loads need to be applied to avoid the influence of the 
soft aluminum matrix. Additionally, microhardness measurement at relatively high loads 
may result in fracture of the material as shown on Figure 6.11. For this reason the 
microhardness measurements were made at two normal loads: 1500 mN and 100 mN. 
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Figure 6.11 Imprints of the indents on the composite coating: 
   (a)  –  maximal indentation load of 1500 mN; 
   (b)  -   minimal indentation load of 100 mN; 
   (c)  – imprints of the aluminum layer (1); particle - Al interface area (2);  
             SHS-717 based intermetallic particle (3). 
 
Experimental results reveal that microhardness of both sprayed Al layer and Al 
substrate does not depend on the indentation load, whilst the real modulus E* is very 
sensitive to the indentation load. Examples of the diagrams for “load-displacement” at 
various indentation loads are shown on Figure 6.12. Some specific features of the “load-
displacement” diagram at the beginning of the indentation and maximum load of ~ 100 
mN are shown on Figure 6.12 (a). First, the straight lines A and A1 are not parallel 
-a- -b- 
-c- 
      
cracks 
 because of some inelastic e
depth in aluminum at the load of 
indentation diagram shown on Fig
Fig.6.10 (b). There is high 
that is found at high indentation load
6.11 (a). Initiation of fraction
 
 
Figure 6.12 The 
   (a)
   (b) 
 
0
500
1000
1500
2000
0In
de
n
ta
tio
n
 
Lo
ad
,m
N
-a- 
-b- 
169 
ffects of device loading system; second, the total indentation 
~ 100 mN is about ~ 300 nm. The multi
ure 6.12 (b) is similar to one cycle diagram shown on 
probability of damage even on the plastic aluminum
s. The cracks around the indent are seen on Fig
s at high loads results in decrease of the Young’s modulus.
 
 
typical diagrams for “load-displacement” on Aluminum 
 –  single minimal indentation load of 100 mN; 
– cyclic maximal indentation load of 1500 mN. 
2 4 6 8
Indentation Depth, µm
-cycle 
 matrix 
ure 
 
at: 
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6.4.2   Microhardness Characterization of Individual Intermetallic TBC 
The results of the microhardness ( HV ) measured on the main phases in the 
multi-layer intermetallic composites are presented in the Table 6.2  
 
Table 6.2 Microhardness of multilayer coatings after heat treatment at various  
   temperatures. 
Thermal 
barrier layer 
designation 
Heat 
treatment 
temperature, 
ToC 
Al 
substrate 
Cold 
sprayed Al  
layer 
Metal alloy 
particle 
core 
Particle - Al  
interface area 
SHS 717 
20 160.3 91.3 918 146.9 
500 94 57.9 2343.9 132.6 
550 94.2 66 1387 321.4 
575 76.6 48.6 1388.8 233.78 
600 89.1 78.0 2687 - 
625 74.8 91.75 997.86 - 
A 4777 
20 162.9 83.5 955.07 150.2 
500 96.5 57.9 1862.8 117.7 
550 71.65 91.7 878.8 - 
575 - 74.0 846.05 92.8 
600 - 106 812.7 234.07 
625 - 92.8 386.9 117.88 
AMS 4783 
20 154.6 94.45 1832.9 111.2 
500 78.78 71.5 1545 207.32 
550 - 67.6 1463.5 - 
575 - 54 881.78 52.9 
600 - 129.1 486.37 243.82 
625 - 89.3 724.71 - 
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Analysis of this data reveals the following about the features of the structure 
formation in aluminum layers: 
- microhardness of cold sprayed aluminum layers is lower than that of the substrate; 
- increase of the annealing temperature up to ~ 575oC leads to a decrease of the 
microhardness for both the aluminum substrate and cold sprayed aluminum layers 
due to a similar softening processes; 
- reaction diffusion at solid state temperatures ~ 500 - 575oC  influences the 
hardness of the cold sprayed aluminum layers differently for each composite; 
- SHS reactions started at ~ 600oC results in significant increase of the aluminum 
phase microhardness above the initial values of the sprayed layers. 
 
The data in Table 6.2 are graphically represented in Figures 6.13, 6.14, and 6.15.  
Some variations of the aluminum layer microhardness, which resulted from the reaction 
diffusion at temperatures ~ 500 - 575oC, reveal alloying of aluminum with atoms of the 
various alloying elements contained in SHS-717, AMS-4777 and A-4783 particles. 
Porosity evaluation of the aluminum layers made by image analysis show that the cold 
sprayed aluminum layer in the multilayer intermetallic composites has a porosity ~ 10 – 
12 %. Besides that, the determined bonding strength between aluminum particles in the 
cold sprayed coating is about ~ 40 MPa, which is lower than aluminum yield strength ~ 
100 MPa. Since it affects the microhardness as well, the porous aluminum layer with 
relatively low cohesion strength facilitates developing of better super deep penetration 
effect on the particles forming intermetallic layer during cold spraying. 
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Figure 6.13 Microhardness of intermetallic particles and aluminum matrix in       
   SHS-717 iron based coating. 
 
 
 
Figure 6.14 Microhardness of intermetallic particles and aluminum matrix in       
   AMS-4777 nickel based coating. 
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Figure 6.15 Microhardness of intermetallic particles and aluminum matrix in       
   A-4783 cobalt based coating. 
 
6.4.3   Comparison of Microhardness of Al Matrix with Different Alloying Elements 
Comparison of the aluminum layers microhardness in the examined intermetallic 
coatings is presented on the Figure 6.16. The results reveal about similarity of the 
aluminum structure formation processes for all investigated composites. Some scatter of 
the microhardness values is due to the effect of many factors, such as other types of 
alloying elements in the stainless steel powders, particle sizes, inhomogeneous coating 
structure and density, etc.  Nevertheless, it is possible to define three temperature ranges 
of the annealing processes:  
1) initiation and slow diffusion  at temperatures ~ 20 - 500oC; 
2) solid state reaction diffusion at temperatures ~ 500 - 600oC; and 
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3) Self Propagating High Temperature Synthesis (SHS) at the temperatures 
above 600oC. 
The second temperature interval is the most suitable to control the intermetallic layers 
growth, TBC structure and properties. The main diffusion reactions, which are 
responsible for the intermetallic layers formation, result in changing of the intermetallic 
phase mechanical properties. So, the microhardness evaluation of the intermetallic 
coatings can provide important correlation between the microhardness and the heat 
treatment regime, which might be useful for the TBC quality control. 
 
 
 
Figure 6.16 Comparison of Al layer microhardness in examined Fe-Al, Ni-Al and  
   Co-Al composites. 
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6.4.4   Comparison of Microhardness of Different Intermetallics in Al Matrix 
The microhardness measurement results of the intermetallic particles allow 
defining the following features of the intermetallic synthesis processes (Figure 6.17): 
- at the temperature range of ~ 450 - 500 oC  the microhardness of the original SHS-
717 and AMS-4777 particles considerably increases due to the formation of Fe-Al 
and Ni-Al intermetallics;  
- Fe-Al intermetallics with Al content ~ 11 % by weight, formed due to the 
diffusion of Al into SHS-717 particles at temperatures ~ 500 - 575oC, have the 
microhardness slightly lower than the original SHS-717. This indicates about the 
initiation of solid state diffusion of Aluminum into stainless steel particles at the 
sintering temperatures higher than 500 oC; 
- Ni-Al-Fe and Ni-Al-Co phases, formed on the base of AMS-4777 and A-4783 
powders, exhibit the hardness that decreases with the higher annealing 
temperature. The possible reason of this decrease of the microhardness might be 
the micro-crack generation during the diffusion reactions at higher temperatures 
because of narrow temperature range for the solid state diffusion process. 
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Figure 6.17 Comparison of the microhardness for the intermetallic particles of Fe-Al, 
   Ni-Al and Al-Co composites. 
 
6.5   Elasticity of Multilayer Intermetallic TBC 
The elasticity of the composite coating is mainly defined by the elasticity of the 
prevailing matrix, while the influence of the embedded particles can result in significant 
deviations from the original matrix properties. For that reason, the analysis of the 
aluminum matrix in the different types of the intermetallic coatings were made with the 
purpose to determine the influence of the different alloying elements on the aluminum 
matrix elasticity (Table 6.3, Figure 6.18). 
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Thermal Barrier 
Layer 
Designation 
Heat treatment 
Temperature, 
ToC 
Reciprocal of 
Absolute 
Temperature, 
1/ToK 
Real 
Modulus 
E*Pa 
Al Layer 
Modulus 
E, GPa 
SHS 717 
20 0.003413 6.00E+10 5.76E+01 
500 0.001294 2.32E+10 2.16E+01 
550 0.001215 1.70E+10 1.57E+01 
575 0.001179 1.67E+10 1.55E+01 
600 0.001145 4.18E+10 3.95E+01 
625 0.001114 6.50E+10 6.27E+01 
A 4777 
20 0.003413 3.36E+10 3.15E+01 
500 0.001294 1.77E+10 1.63E+01 
550 0.001215 4.00E+10 3.77E+01 
575 0.001179 5.48E+10 5.24E+01 
600 0.001145 - - 
625 0.001114 - - 
AMS 4783 
20 0.003413 6.36E+10 6.13E+01 
500 0.001294 2.80E+10 2.61E+01 
550 0.001215 6.00E+09 5.49E+00 
575 0.001179 4.96E+09 4.53E+00 
600 0.001145 2.00E+10 1.85E+01 
625 0.001114 3.15E+10 2.95E+01 
 
Table 6.3 Elastic properties of  aluminum layer in intermetallic TBC 
 
The influence of heat treatment on the elastic modulus of the aluminum layer 
(Figure 6.18 b) is shown to be similar to the microhardness dependences (Fig. 6.16). 
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Elastic modulus, E of the aluminum layer slightly decreases with temperature. At the 
temperature range for the solid state diffusion ~ 500 - 575oC, the fall of E  is the maximal 
for the A-4783 composite (Figure 6.18 c), that may be associated with the increase of 
porosity in the aluminum layer due to the initiation of SHS reactions. The similar 
microhardness behavior of this composite can be seen on Figure 6.16 & 6.17. Therefore, 
the careful choice and optimization of heat treatment parameters for intermetallic layers 
synthesis allows us to avoid the undesirable SHS reactions and, consequently, cracks 
formation in both aluminum and intermetallic layers. Since pores and cracks are the main 
defects which affect the durability of TBC, the optimization of post-spray processing 
plays an important role in the intermetallic TBC development. 
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Figure 6.18 Elastic properties of 
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aluminum layer in the intermetallic
 –  variation of elasticity of the aluminum layer at cycling load
– real elastic modulus E*; 
– calculated elastic modulus E. 
200 400 600
Sintering Temperature, oC
Al layer in AMS 4783 composite
Al layer in A 4777 composite
Al layer in SHS 717 composite
500 550 600
Sintering Temperature, oC
Al layer in SHS 717 
composite
Al layer in A 4777 
composite
Al layer in AMS 4783 
composite
 
 
 TBC: 
; 
800
650
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6.6   SEM, EDS & XRD analysis of Multilayer Intermetallic TBC 
Self Propagating High Temperature Synthesis (SHS) of Fe-Al intermetallics has 
been developed for a long time; however its use is limited due to the difficulties of the 
associated exothermic reaction control. Additionally, SHS is very rapid and strongly 
exothermic which causes unwanted porosity of sintered composites due to the boiling of 
molten Aluminum at high temperature. Authors [50, 51] show the great complexity of the 
phenomena taking place during the sintering process correlated with diffusion and phase 
transformations. The mechanisms of both endothermic and exothermic phase 
transformations is strongly defined by many factors such as powder particle size, heat 
treatment atmosphere, temperature and heating rate, chemical composition, etc. Whilst 
the Fe-Al powder mixture synthesis was studied multiple times [50, 51, 52], the structural 
features of the sintered layered alloys of iron based SHS-717 – Al, nickel based AMS-
4777 – Al and cobalt based A-4783 composites have not been studied yet. For that 
reason, EDS and XRD analysis were performed for both separate particles and annealed 
coating structures. 
 
6.6.1   SEM, EDS & XRD analysis of SHS-717 – Al Composites 
SEM analysis of the SHS-717 particles embedded into Al matrix and sintered at 
the temperature of 550oC during 3 hours showed that the reaction layer consists of 
various phases (Figure 6.19).  EDS spectra of the SHS-717 particle fractured during cold 
spraying and sintered with Al exhibit the  Al content of  ~ 11 wt%  in the bright core and 
Al content of ~ 63 %  in the  grey phase, that in accordance with binary phase diagram 
(Figure 6.20) reveals about two stages of reactions: formation of FeAl, Fe3Al and further 
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formation of Fe2Al5. The small debris particles, formed due to the particle fracture during 
spraying, consist predominately of Fe2Al5 based phase. The complex chemical 
composition of the SHS-717 particles results in high content of Mo, Cr and Si mostly in 
the FeAl phase; however the content of these elements in the Fe2Al5 grey phase is lower. 
 
        
                                    
Figure 6.19 SEM images and EDS analysis of SHS-717- Al phases after annealing at  
   550°C (magnification of 2000X): 
   (a) –  bright core corresponding to  FeAl and Fe3Al  phases; 
   (b) – grey phase corresponding to  Fe2Al5 . 
 
-a- -b- 
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Figure 6.20 Binary phase diagram Fe-Al marked with phases obtained during the  
   reaction synthesis. 
 
The increase of the annealing temperature up to 625oC initiated the exothermic 
SHS reactions with the formation of liquid phase, nucleation and growth of the phases 
with high Al content. Figure 6.21 shows the crystals formed due to the SHS reactions and 
present the EDS analysis results, which reveal about prevailing formation of Fe2Al5 
phase. This phase contains some additional elements such  Cr, Si, W, Mo. 
 
 Figure 6.21 SEM images of SHS
   (a)
   (b) 
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-717- Al phases after sintering at 625
 –  intermetallic crystals; 
– crystal boundary at magnification of 5000X (numbers denote areas 
designated for EDS analysis in the tab). 
-ray diffraction patterns of SHS
, 575 and 625
ure 6.22. XRD phase analysis of sintered coatings confirmed 
2Al5 as well as the presence of FeAl phase.
-a- -b- 
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Figure 6.22 XRD analysis of SHS-717- Al intermetallics after sintering at different  
   temperatures. 
 
The present results on the SHS-717 - Al composite coating indicate that the solid 
state reactions involved proceed through the formation of atomic configurations that may 
become nuclei of stable or metastable intermediate phases. At the first stage of heating, 
intensive diffusion of Al into SHS-717 particles leads to the formation of Fe-Al solid 
solution (Figure 6.20); then the solid state reactions between FeAl intermetallics and Al 
involve several steps, which result in the formation of the intermetallic phases Fe2Al5 and 
FeAl3. The results of SEM-EDS together with XRD analysis reveal about the nucleation 
and growth of the intermetallic phases at the temperatures below than those required for 
the initiation of SHS reactions. 
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presence of Fe in areas # 1 and 2; and Si in areas # 3, 8 & 9, but it did not show the 
content of Cr in any of examined areas. 
 
Area of 
Definition 
Chemical composition , wt% 
Al Co Ni Cr Mn Fe Si Mg O C 
Area 1 67.04  23.94   6.66   2.36  
Area 2 55.68  42.11   0.69   3.29  
Area 3 81.83      3.74  14.44  
Area 4 60.89  39.11        
Area 5 60.26  39.74        
Area 6 60.8  37.42        
Area 7 58.52  39.95        
Area 8 56.60  27.66    3.36  12.39  
Area 9 68.36  29.01    0.98  1.65  
 
Table 6.4 EDS analysis of AMS-4777 - Al composite after sintering at 550oC. 
 
The change from the solid state diffusion to the liquid phase SHS reaction during 
sintering as a result of the temperature increase up to 625oC, leads to the melting of 
AMS-4777 particles and obtaining intermetallic crystals with the composition 
corresponding to Al3Ni2 (Figure 6.24, 6.26 & 5.20 c). In order to clarify the 
microstructure evolution, the multilayer AMS-4777 - Al composite coating was 
characterized by XRD, and X-ray diffraction patterns of AMS-4777 - Al composites, 
after sintering at the temperatures of ~ 500, 550 and 625oC during 3 hours are presented 
on Figure 6.25. 
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1 
Element Wt% At% 
  OK 01.58 03.42 
 NiL 42.98 25.37 
 AlK 55.44 71.21 
Matrix Correction ZAF 
2 
Element Wt% At% 
  OK 01.24 02.68 
 NiL 41.84 24.58 
 AlK 56.92 72.75 
Matrix Correction ZAF 
 
  Figure 6.24 EDS analysis of AMS-4777 – Al phases after sintering at 625oC. 
 
  
Figure 6.25 XRD analysis of AMS-4777 – Al multilayer coating sintered at different  
   temperatures. 
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The main constituent phases of the original AMS-4777 powder are Ni based 
phases and complex carbides. The sintering reactions result in carbide, silicon and boron 
containing phases decomposition and formation of the intermetallic compounds with the 
prevailing phases identified as Al3Ni (Figure 6.26) and Al9NiFe. The latter belongs to a 
decagonal quasi-crystalline phase found and described by authors [91, 104]. The XRD 
results show the formation of the decagonal phase at the temperature of ~ 550oC.  The 
formation of Al3Ni phase seems to occur at both 550oC and 625oC. 
 
 
 Figure 6.26 Binary phase diagram Al – Ni marked with phases obtained  
    during the reaction synthesis [18]. 
 
6.6.3   SEM, EDS & XRD analysis of A-4783 – Al Composites 
Formation of Al-Co-Ni intermetallics during sintering of A-4783 – Al composite 
coating at 550oC during 3 hours is shown on Figure 6.27. The reaction diffusion proceeds 
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with a mechanism similar to those of SHS-717 - Al composite (Figure 6.19). The 
particles have a core with the content of Al is about ~ 23 wt% (Figure 6.27). High content 
of Ni and Cr leads to the formation of complex Al-Co-Ni-Cr phases. The further 
diffusion of Al results in the formation of phase with the high Al content of ~ 60 wt%. 
Assuming the phases similar to those of binary Al-Co diagram (Figure 6.28), two fields 
of phases may be defined on Figure 6.27: core area # 1 and fully sintered intermetallic 
area # 2 corresponding to the AlCo and Al5Co2. 
 
 
Figure 6.27 EDS analysis of A-4783 – Al phases after sintering at 550oC. 
 
The detailed analysis of the Al-Co-Ni phases formation was performed by 
B.Grushko, et al. [91, 105, 106]. The results show that Al-Co system is very attractive 
from the viewpoint of the quasicrystalline phase formation in the same narrow 
composition range as in the case of A-4783 alloy (Figure 6.28). The thermodynamic 
stability of these phases depends on their alloying by the elements such Ni, Cr and Si 
[105]. The formation of the stable decagonal phases is known at ternary compositions in 
Al-Ni-Co and Al-Cu-Co systems [106]. 
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33.
5 
13.
5 14.2 8.2 3.5 
3.9
6 
Area 2 60.8 
16.
6 6.9 6.02 3.5 2.4 3.7 
Area 3 93.2 - - - - 6.8 - 
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 Figure 6.28 Binary phase diagram Al – Co marked with phases obtained  
    during the reaction synthesis [18]. 
 
SHS reactions during sintering at 625oC allow obtaining other phases (Figure 
6.29). The chemical composition of the phases is shown in Table 6.5. The Al-Co phases 
with high content of Al contain large weight fraction of Cr and Si as well, therefore it 
seems to be difficult to evaluate these phases based on the EDS data only.  XRD results 
shown on Figure 6.30 reveal about that high content of Si in the coating is forming 
silicates with Co separately, while Al is forming aluminides purely with Co. Thus 
formation of the intermetallic quasicrystalline structures of Al-Co-Ni is believed to be 
possible by combining cold spraying with sintering technique, provided that the sintering 
temperature yields the solid state diffusion rather than SHS reaction. 
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Figure 6.29 SEM images of A-4783- Al phases after sintering at 625°C : 
   (a) –  two distinct phases within one particle embedded into Al matrix; 
   (b) – same particle at magnification 5000X showing the areas designated 
             for EDS analysis in Table 6.5. 
 
Area of 
Definition 
Chemical composition , wt% 
Al Co Ni Cr Mn Fe Si Mg O C 
Area 1a 69.86  - 18.51 - - 4.56 - 2.9 4.16 
Area 2a 64.88 19.93 - - - - 1.89 - 3.30 9.99 
Area 3a 96.99 - - - - - 1.41 - 1.59 - 
Area 1b 77.54 18.76  1.65   2.22    
Area 2b 62.66 2.0  19.0   13.47    
Area 3b 68.34 20.43  5.01   3.91  2.32  
 
Table 6.5 EDS analysis of A-4783 - Al composite after sintering at 625oC. 
 
-a- -b- 
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Figure 6.30 XRD analysis of A-4783 – Al multilayer coating sintered at 625°C. 
 
6.7   Thermal Fatigue Tests of Multilayer Intermetallic TBC 
The aim of this section is to study the thermal shock and fatigue behavior of the 
multilayer intermetallic TBC associated with the change of the microstructure. The most 
common problem associated with ceramic TBC is their low thermal shock resistance 
because of the big mismatch between coating and substrate CTE in spite of using a bond 
layer. Taking into account that the CTE of the intermetallic TBC matches the aluminum 
substrate well, high values of thermal shock resistance are expected. Nevertheless, high 
brittleness of the intermetallic phases and presence of pores and cracks created during the 
sintering process may lead to further accumulation of defects in intermetallic layers and 
possibly in the aluminum matrix. Generally a small amount of porosity seems to be 
favorable in achieving a high level of thermal shock resistance because pores tend to 
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accommodate deformations and prevent crack initiation at the coating interface [107]. In 
addition, FGM and layered structures are known to improve the performance of TBC, 
because the thermal stresses can be distributed among multiple layer interfaces, thus 
improving the mechanical and thermo-physical properties of TBC. In the case of 
multilayer intermetallic TBC the bonding strength between the aluminum matrix and 
intermetallic layers is quite high due to the gradual diffusion of Al into SHS-717, AMS-
4777 and A-4783 particles; however, crack initiation in the intermetallic layers still can 
take place in case of multiple cycling thermal load. If this happens, the micro-hardness of 
TBC layers should drop significantly, thus indicating defects accumulation. 
 
6.7.1   Multilayer Intermetallic TBC Characterization after Fatigue Test 
This study presents the microhardness measurement results and structure 
examination of the multilayer intermetallic coatings after spot weld heat flux tests. This 
new method tested TBC specimens subjected to discrete temperature exposure, as shown 
in Figure 6.31. It realizes the thermal cycling of the samples with various temperatures 
due to the permanent cooling of one specimen edge. The real temperature of the sample 
surface near the heat source was registered constantly by the infrared pyrometer. A 
snapshot of the temperature - time diagram is shown in Figure 6.32. The thermal fatigue 
tests with 500 cycles were conducted for SHS-717, AMS-4777 and A-4783 based 
multilayer intermetallic coatings. The maximum temperature of the heating cycles was 
maintained in the range of ~ 425 - 450oC and measured in A-A section of the specimen. 
The linear temperature distribution across the specimen was assumed for calculation of 
the temperature peaks in the cross-sections B-B and C-C. 
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Figure 6.31 Schematic of the heat flux test for measuring the thermal fatigue properties. 
 
The thermal fatigue testing scheme allows defining the microhardness of the 
examined specimen sections after the test. The specimens were cut and polished at the 
locations of A-A, B-B and C-C in accordance with the scheme shown on Figure 6.31. 
The results of the microhardness measurements of the samples after thermal cycling are 
shown on Figure 6.33. One has to note the strong dependence of the microhardness on 
the maximum temperature of the cycling. An increase of the cycling temperature results 
in the decrease of the microhardness for all three types of TBC. The possible reason for 
such behavior of the intermetallic TBC is accumulation of the cracks and pores in the 
coatings during the thermal cycling procedure described in Chapter 3.4.5. 
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Figure 6.32 Pyrometer reading of the surface temperature fluctuations at section A-A. 
 
 
 
Figure 6.33 Micro-hardness of SHS-717, AMS-4777 and A-4783 particles after  
   thermal fatigue test. 
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6.7.2   TBC Metallographic Characterization after Fatigue Test 
SHS-717 based TBC does not exhibit the visible cracks in the temperature zone 
below ~ 250oC during thermal cycling (Figure 6.34 a). However, an increase of the 
cycling temperature up to ~ 450oC leads to the initiation of cracks primarily in the outer 
coating layer (Figure 6.34 b). 
 
 
 
 
Figure 6.34 SHS-717 – Al coating after thermal fatigue test : 
   (a) –  microstructure after thermal cycling below ~ 250°C; 
   (b) – microstructure showing cracks after cycling at ~ 450°C. 
 
-a- 
-b- 
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The effect of thermal cycling on the crack generation is more distinct in the AMS-
4777 - Al multilayer coating (Figure 6.35). One has to note some pores and cracks 
generation in the aluminum matrix (Figure 6.35 b), which reveals about the aluminum 
matrix degradation due to the multiple cycles heating and cooling. As a result, aluminum 
oxidation occurs that leads to the pores and brittle oxides formation within the coating. 
 
 
     
 
Figure 6.35 AMS-4777 – Al coating after thermal fatigue test: 
   (a)  –  multiple cracks inside of the intermetallic layers; 
   (b)  -   multiple cracks in the intermetallic particle and aluminum matrix; 
   (c)  – pores inside of the intermetallic particle. 
-a- 
-b- -c- 
crack 
 198 
The microstructure of A-4783 - Al multilayer coating after thermal cycling 
doesn’t exhibit large cracks propagation through intermetallic particles (Figure 6.36 a). 
However, some pores and cracks are visible at high magnification (Figure 6.36 b). The 
initiation of cracks in the A-4783 particles is seen mostly on interface between the 
particles boundaries and aluminum matrix. 
 
 
 
 
Figure 6.36 A-4783 – Al coating after thermal fatigue test: 
   (a)  –  microstructure with the magnification 100X; 
   (b)  -   microstructure with magnification 500X reveals about the crack  
              initiation at the particle – aluminum matrix  interface. 
 
-
-
crack 
 6.7.3   Characterization of TBC after Fatigue Test by High Indentation Loads
The cracks accumulated 
mechanical behavior during
intermetallic particles exhibit high 
the load of ~ 100 mN, the indentation with relatively high load 
crack generation during the hardness 
 
 
Figure 6.37 Load
   after 
 
Two types of cracks can be seen on 
Vickers indenter and cracks at the particle 
the thermal cycling. The crack generat
straight line on the indentation dia
particle. The presence of cracks at the particle 
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in the intermetallic coatings result in the 
 the indentation with high indentation loads. Whilst the 
hardness without damage during the indentation with 
of ~ 1000
test as shown on Figure 6.37. 
 - depth indentation diagram of SHS-717 - Al intermetallic particle 
thermal fatigue test. 
the indentation graph: cracks initiated by 
– aluminum matrix interface generated due to 
ed during the indentation test appear
gram because of the loss of strength of 
– aluminum matrix interface leads to 
 
specific 
 mN leads to the 
 
 
the 
s as the 
the damaged 
an 
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additional loss of strength and movement of the particle into aluminum matrix under the 
load. The mentioned effects result in the significant change of the indentation diagram as 
compared to the lower scale load (Figure 6.12). 
 
An intensive crack formation in AMS-4777 - Al intermetallic layers is illustrated 
by indentation diagram on Figure 6.38. There is no crack initiated due to the indentation 
because of the absence of cracks at the angles of the imprint; however, a considerable 
loss of strength is observed which results in the irregularities on the load – depth diagram. 
The hardness of the intermetallic particle is minimal in this case: about ~ 271 MPa. 
 
 
 
Figure 6.38 Load - depth indentation diagram of AMS-4777 - Al intermetallic  
   particle  after thermal fatigue test. 
 
The high strength of A-4783 intermetallic particles is illustrated on the 
indentation diagram shown on Figure 6.39. The shape of the diagram demonstrates the 
 standard material behaviour
not distort the diagram because of the high intermetallic hardness of ~ 566 MPa.
 
 
Figure 6.39 Load
   after 
 
The presence of pores and oxides 
not considerably influence
essential characteristics of the multilayer intermetallic TBC that reveals about the 
aluminum ability to stop the cracks propagation by absorbing the strain energy and 
deforming plastically around the split intermetallic particles thus 
securely in the aluminum matrix.
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 and generation of the surrounding cracks under the load 
 - depth indentation diagram of A-4783 - Al intermetallic particle 
thermal fatigue test. 
between particles in the aluminum
s it’s micro-hardness (Figure 6.40) This is the 
accommodating them 
 
does 
 
 
 
 layers does 
one of the 
  
Figure 6.40 Load
   thermal fatigue test.
 
Summarizing the examinations of the multilayer intermetallic TBC after the 
thermal fatigue test, the following conclusions can be drawn:
1. micro-indentation with registering load
to analyse the intermetallic TBC degradation during thermal cycling;
2. due to big scatter of micro
particles need to be assessed;
3. multilayer intermetallic TBC exhibit extensive crack formation only in the 
intermetallic layers that doesn’t affect the strength of the whole coating; 
aluminum layers withstand the stresses created by thermal cycling.
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 - depth indentation diagram of the TBC aluminum matrix 
 
 
-depth diagram is a powerful tool 
-hardnesses, minimum ten indents of the 
 
 
after  
 
similar 
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6.7.4   Fracture Topography Characterization of TBC after Fatigue Test 
To define the mechanisms of TBC thermal fatigue degradation to further extent, 
the fracture topography of the examined intermetallic coatings was made by means of 
SEM-EDS. For this purpose the portion of the samples prepared before for the 
metallographic examination, were fractured by bending at the area near plane A-A 
(Figure 6.31). The SEM images of the fractured surfaces and results of the intermetallics 
EDS analyses are shown on Figures 6.41 - 6.43. 
 
        
           
 
Figure 6.41 SEM images of the fractured surfaces of SHS-717 multilayer intermetallic  
  coating after thermal fatigue test: 
-a- -b- 
-c- 
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  (a)  –  overall topography of TBC; 
  (b)  -   intermetallic particle topography exhibiting core and aluminide phases; 
  (c)  –  intermetallic particle with area marked for EDS and EDS result chart. 
 
 
       
              
 
Figure 6.42 SEM images of the fractured surfaces of AMS-4777 multilayer  intermetallic  
  coating after thermal fatigue test: 
  (a)  –  overall topography of TBC; 
  (b)  -   intermetallic particle topography exhibiting thermal shock cracks; 
  (c)  –  intermetallic particle with area marked for EDS and EDS result chart. 
 
 
-a- -b- 
-c- 
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Figure 6.43 SEM images of the fractured surfaces of A-4783 multilayer intermetallic  
  coating after thermal fatigue test: 
  (a)  –  overall topography of TBC near spot weld deformation zone; 
  (b)  -   intermetallic particle topography exhibiting surrounding aluminum matrix 
             plastic deformation and necking web; 
  (c)  –  intermetallic particle with area marked for EDS and EDS result chart. 
 
The results of the fracture topography examination after thermal cycling reveal: 
- all examined coatings withstand thermal cycling because aluminum layers 
have  high plasticity. In spite of the presence of aluminum oxides, the 
-b- -a- 
-c- 
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aluminum layers have been deformed significantly which indicates high level 
of plasticity in the aluminum matrix of the multilayer coatings; 
- the intermetallics formed during the annealing step have good composition 
stability; for all three types of coatings the chemical composition only slightly 
deviates from the compositions evaluated before thermal cycling; 
- the plastic aluminum matrix prevents the crack propagation through the entire 
coating; due to that the crack accumulation in the intermetallic layers will not 
affect drastically the coating life span;  
- some diffusion reactions may proceed during the coating exploitation at high 
temperatures; however this effect will only diminish the thermal conductivity 
of TBC because of additional formation of intermetallics. 
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CHAPTER VII 
CONCLUSIONS AND FUTURE RECOMMENDATIONS 
 
The concept of the multilayer intermetallic thermal barrier coatings is presented 
that demonstrated the feasibility to combine two technologies, i.e. cold spraying and 
consequent annealing, in order to produce the composite coating with synthesized 
layers of intermetallics serving as thermal insulators. The aluminum layers between 
intermetallics perform the multiple functions including: 
- bonding between the intermetallic layers to provide coating integrity; 
- source of aluminum for synthesizing of aluminides in intermetallic layers; 
- matching the coefficient of thermal expansion (CTE) to the coating substrate; 
- plastic matrix in the composite absorbing thermal and mechanical stresses 
thus providing coating durability. 
 
7.1   Summary of Technological Parameters 
The Cold Spray (CS) deposition parameters for aluminum layers were optimized 
to obtain the mean layer thickness of ~ 0.20 – 0.25 mm by providing the powder feeding 
rate of ~ 0.4 g/s; spray nozzle traverse speed ~ 30 mm/s; step size between passes ~ 3 mm 
(Table 7.1). 
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Table 7.1 Cold Spray parameters selection for aluminum layers. 
 
The Super Deep Penetration (SDP) parameters were selected for each of SHS-
717, AMS-4777 and A-4783 powders separately. The resultant charts with highlighted 
optimal selections are shown in Tables 7.2. 
 
 
 
 
Al Layer 
Al Layer Geometry (Average) 
Vn=5mm/s Vn=30mm/s Vn=50mm/s Vn=60mm/s 
Thickness
, 
mm 
Waviness
, 
Wt mm 
Thickness, 
mm 
Waviness, 
Wt mm 
Thickness, 
mm 
Waviness, 
Wt mm 
Thickness, 
mm 
Waviness, 
Wt mm 
Powder 
Feedin
g Rate, 
g/sec 
0.
2 
0.22 0.043 0.11 0.04 0.08 0.038 0.05 0.038 
0.
4 
0.35 0.048 0.23 0.048 0.18 0.043 0.15 0.036 
0.
6 
0.71 0.051 0.52 0.055 0.43 0.046 0.33 0.042 
Vn – Nozzle Traverse Speed. Porosity of Al layer varies within the range of 8-12%. 
 
SHS 717 
Particles 
Embedded Particulate Layer Characteristics (Average) 
Vn=10mm/s Vn=30mm/s Vn=50mm/s Vn=80mm/s 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Powder 
Feeding 
Rate, 
g/sec 
0.2 20 25.2 22 20.4 12 18.1 10 15.6 
0.4 45 30.5 41 27.2 20 22.7 10 17.2 
0.6 55 35.1 50 30.3 15 25.3 12 20.4 
 
AMS 4777 
Particles 
Embedded Particulate Layer Characteristics (Average) 
Vn=10mm/s Vn=30mm/s Vn=50mm/s Vn=80mm/s 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Powder 
Feeding 
Rate, 
g/sec 
0.2 35 20.3 32 16.5 18 14.3 15 12.4 
0.4 43 22.8 41 20.1 28 19.5 22 17.1 
0.6 40 25.2 30 19.7 25 18.2 20 17.9 
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Table 7.2 Super Deep Penetration parameters selection for : 
   (a)  –  SHS-717 iron based powder; 
   (b)  -   AMS-4777 nickel based powder; 
   (c)  – A-4783 cobalt based powder. 
 
The annealing parameters based on the intermetallic layers growth were selected 
for each powder separately providing heat treatment in the nitrogen atmosphere: 
- for SHS-717 the annealing temperature ~ 550 – 600 °C during 2 hours; 
- for AMS-4777 the annealing temperature ~ 500 – 575 °C during 1 hour; 
- for A-4783 the annealing temperature ~ 550 – 575 °C during 1.5 hour. 
 
7.2   Summary of Thermo-Physical and Mechanical Properties of TBC 
The thermo-physical properties of TBC based on the designated powder and 
annealing temperature are given in Table 7.3. The preferred values for the evaluated 
effective thermal conductivity of the whole TBC as well as the calculated value for its 
intermetallic phase are highlighted in the tables. The results prompt that the iron based 
intermetallic TBC obtained from SHS-717 powder, exhibit the most promising thermal 
insulation properties with the large annealing temperature safety margin, and can be 
enhanced even further by increasing the intermetallic layer thickness  
 
 
A 4783 
Particles 
Embedded Particulate Layer Characteristics (Average) 
Vn=10mm/s Vn=30mm/s Vn=50mm/s Vn=80mm/s 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Depth, 
µm 
Content 
wt% 
Powder 
Feeding 
Rate, 
g/sec 
0.2 32 19.7 30 18.1 22 17.2 18 15.2 
0.4 48 25.2 43 23.4 27 22.5 24 20.6 
0.6 52 30.4 45 28.6 28 25.3 25 22.3 
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Table 7.3 Thermo-Physical properties of intermetallic TBC. 
 
The mechanical properties of the TBC are summarized in Table 7.4. The 
highlighted values correspond to the coatings identified in the previous table. 
 
 
Table 7.4 Mechanical properties of intermetallic TBC. 
 
The mechanical properties degradation after thermal fatigue test is given for the 
coatings annealed at the temperature of ~ 575°C (Table 7.5). The highlighted values 
correspond to the preferred SHS-717 intermetallic TBC identified in the previous tables. 
The adhesion strength about ~ 30 MPa attained after the thermal cycling, indicates that 
the coating can sustain long time exposure to the temperature fluctuations without 
compromising its thermo-physical and mechanical properties. 
 
 
Thermo-physical 
properties 
Sintering temperature, oC 
500 550 575 600 
kIN, 
W/mK 
ke, 
W/mK 
CTE, 
10-6 
m/mK 
kIN, 
W/mK 
ke, 
W/mK 
CTE, 
10-6 
m/mK 
kIN, 
W/mK 
ke, 
W/mK 
CTE, 
10-6 
m/mK 
kIN, 
W/mK 
ke, 
W/mK 
CTE, 
10-6 
m/mK 
 
Coating 
Type 
SHS717
-Al 
9.64 70.26 24.1 2.68 27.97 24.7 1.52 17.06 25.4 1.43 16.12 25.9 
AMS47
77-Al 
105.11 150.43 25.2 56.62 139.49 25.8 24.89 116.15 26.3 15.31 97.85 27.2 
A4783-
Al 
121.29 152.29 23.2 99.23 
149.62 
24.1 31.91 124.31 24.8 19.92 108.1 25.8 
 
Mechanical  
properties 
Sintering temperature, oC 
500 550 575 600 
Adhesion 
strength, 
MPa 
Intermetallic 
Hardness, 
GPa 
Adhesion 
strength, 
MPa 
Intermetallic 
Hardness,G
Pa 
Adhesion 
strength, 
MPa 
Intermetallic 
Hardness,G
Pa 
Adhesion 
strength, 
MPa 
Intermetallic 
Hardness,G
Pa 
 
Coating 
Type 
SHS717-Al 42.4 2.33 45.2 1.39 40.5 1.38 36.3 2.687 
AMS4777-Al 38.7 1.81 41.6 0.88 35.2 0.85 29.7 0.81 
A4783-Al 40.4 1.54 39.3 1.46 34.1 0.88 26.8 0.49 
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Table 7.5 Thermal Fatigue degradation of mechanical properties for intermetallic TBC. 
 
7.3   Conclusions 
The experimental observations of this study indicate the feasibility of application 
of the intermetallic alloys as the base for thermal barrier coatings (TBC). Unlike other 
types of TBC referenced in this study, i.e. ceramic and metal based TBC, the proposed 
multilayer intermetallic TBC exhibit the phase stability at elevated temperatures as well 
as good durability and thermal shock resistance. Other specific features of the multilayer 
intermetallic TBC include: 
- complex alloys and aluminides precipitated structures, that expose both 
inherent to the aluminides low thermal conductivities and refined grain 
microstructure, which further enhances TBC insulation properties by 
introducing the electron and phonon scattering effect; 
- the composition and microstructure of the synthesized intermetallics can be 
controlled by the annealing temperature and time, thus opening prospective 
for minimizing TBC thermal conductivity by diminishing the volume fraction 
of the aluminum matrix and bringing the effective thermal conductivity value 
 
Thermal Fatigue Thermal 
Barrier Coating 
Characteristics 
Coating Characteristics 
Before TMF Test After 500 cycles of TMF Test 
Adhesion 
strength, 
MPa 
Al  
Layer 
Hardness, 
MPa 
Intermetallic 
Layer 
Hardness, 
GPa 
Adhesion 
strength, 
MPa 
Al  
Layer 
Hardness, 
MPa 
Intermetallic 
Layer  
Hardness, 
GPa 
Coating 
Type SHS717-Al 
40.5 54.3 1.38 29.3 53.1 0.61 
AMS4777-Al 35.2 58.2 0.85 19.8 54.5 0.57 
A4783-Al 34.1 52.7 0.88 15.6 56.1 0.58 
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close to the pure aluminide one, which in case of FeAl intermetallic is 
comparable to the ceramic (~ 1.5 W/mK); 
- the number of the intermetallic layers within the TBC can be significantly 
increased without compromising of the coating integrity because the plastic 
aluminum matrix matches the CTE of the aluminum parts as well as absorbs 
thermo-mechanical stresses induced in TBC during the engine exploitation 
and prevents crack propagation; the accepted concept of “coating” in this case 
can be turned into “top built up” material. 
 
However, despite the proof of concept of the multilayer intermetallic TBC 
applicability for engine parts, the actual engine testing will indicate the actual worthiness 
of this method. At the same time, the coating thickness, i.e. number of the layers, 
optimization will represent a great challenge once the engine work efficiency will be 
confirmed experimentally. However, despite the lack of the experimental data from the 
engine dynamometer  as of today, the actual intermetallic TBC evaluation performed in 
this study and comparison of the corresponding data found for other types of TBC, allow 
to state that the proposed TBC method might deserve an attention for further 
improvement in the future with prospective to the potential industrial application. 
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APPENDICES 
 
APPENDIX A 
FEI Quanta 200 FEG high resolution SEM with EDAX Energy Dispersive Spectroscopy 
(EDS) data 
 
 
  
Element Wt% At% 
  CK 05.69 20.40 
 AlK 00.54 00.86 
 SiK 10.34 15.87 
 CrK 18.50 15.33 
 CoK 47.08 34.43 
 NiK 17.85 13.10 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
H33 ALLOY @ AMBIENT TEMPERATURE 
H33 PARTICLE 
 214 
 
  
Element Wt% At% 
  CK 03.38 12.31 
  OK 02.80 07.64 
 AlK 00.40 00.65 
 SiK 10.03 15.61 
 CrK 19.06 16.02 
 CoK 48.04 35.63 
 NiK 16.30 12.13 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
H33 ALLOY @ AMBIENT TEMPERATURE 
H33 – AL BOUNDARY ZONE 
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Element Wt% At% 
 AlK 100.00 100.00 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
H33 ALLOY @ AMBIENT TEMPERATURE 
AL MATRIX 
 216 
 
  
Element Wt% At% 
 MgK 00.90 01.00 
 AlK 97.38 97.35 
 SiK 01.72 01.65 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
SHS717 ALLOY @ AMBIENT TEMPERATURE 
SHS717 PARTICLE INDENTER ZONE 
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Element Wt% At% 
 SiK 04.98 09.51 
 MoL 05.98 03.34 
 CaK 00.26 00.35 
 CrK 21.40 22.06 
 MnK 03.13 03.05 
 FeK 64.25 61.68 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
SHS717 ALLOY @ AMBIENT TEMPERATURE 
SHS717 –AL BOUNDARY ZONE 
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Element Wt% At% 
 AlK 100.00 100.00 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
SHS717 ALLOY @ AMBIENT TEMPERATURE 
AL BOUNDARY ZONE 
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Element Wt% At% 
 MgK 01.25 01.39 
 AlK 97.10 97.03 
 SiK 01.65 01.58 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
A4777 ALLOY @ AMBIENT TEMPERATURE 
A4777 PARTICLE INDENTER ZONE 
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Element Wt% At% 
  OK 02.82 08.99 
 SiK 06.11 11.08 
 CrK 07.23 07.08 
 FeK 03.37 03.07 
 NiK 80.46 69.78 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
A4777 ALLOY @ AMBIENT TEMPERATURE 
A4777 – AL BOUNDARY ZONE 
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Element Wt% At% 
  OK 03.48 05.74 
 AlK 94.84 92.69 
 SiK 01.68 01.57 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
A4777 ALLOY @ AMBIENT TEMPERATURE 
AL MATRIX 
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Element Wt% At% 
  OK 03.87 06.36 
 MgK 01.11 01.20 
 AlK 92.83 90.39 
 SiK 02.19 02.05 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
A4777 ALLOY @ AMBIENT TEMPERATURE 
AL MATRIX INDENTER ZONE 
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Element Wt% At% 
  OK 04.30 07.04 
 MgK 00.99 01.07 
 AlK 91.96 89.32 
 SiK 02.75 02.57 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
A4777 ALLOY @ AMBIENT TEMPERATURE 
AL MATRIX INDENTER ZONE 
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Element Wt% At% 
 AlK 77.54 87.16 
 SiK 02.05 02.22 
 CrK 01.65 00.96 
 CoK 18.76 09.66 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
H33 ALLOY @ TEMPERATURE 625 OC 
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Element Wt% At% 
  OK 02.86 05.29 
 AlK 62.66 68.70 
 SiK 13.47 14.19 
 CrK 19.00 10.81 
 CoK 02.00 01.01 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
H33 ALLOY @ TEMPERATURE 625 OC 
H33 – PARTICLE ZONE 
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Element Wt% At% 
  OK 02.32 04.44 
 AlK 68.34 77.70 
 SiK 03.91 04.27 
 CrK 05.01 02.95 
 CoK 20.43 10.64 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
H33 ALLOY @ TEMPERATURE 625 OC 
H33 – AL BOUNDARY ZONE 
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Element Wt% At% 
 MgK 00.89 00.99 
 AlK 98.39 98.32 
 SiK 00.71 00.69 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
H33 ALLOY @ TEMPERATURE 625 OC 
AL MATRIX ZONE 
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Element Wt% At% 
 AlK 73.48 85.82 
 CoK 26.52 14.18 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
SHS717 ALLOY @ TEMPERATURE 625 OC 
SHS717 PARTICLE ZONE 
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Element Wt% At% 
  OK 02.16 04.16 
 AlK 71.21 81.38 
 SiK 00.92 01.01 
 CoK 25.72 13.46 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
SHS717 ALLOY @ TEMPERATURE 625 OC 
SHS717 PARTICLE ZONE 
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Element Wt% At% 
  OK 01.77 03.41 
 AlK 71.78 82.03 
 SiK 01.26 01.38 
 CoK 25.19 13.18 
Matrix Correction ZAF 
 KV  10.0   MAG  500   TILT  0.0   MICRONSPERPIXY 1.000 
SHS717 ALLOY @ TEMPERATURE 625 OC 
SHS717 – AL BOUNDARY ZONE 
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APPENDIX B 
Shimadzu DUH-211 Dynamic Ultra Micro-Hardness (DUH) tester data 
 
Test 
result SHS717@600oC(1) 
Force Depth1 Depth2 Depth3 Depth4 DHV-1 DHV-2 Elasticity Length HV 
mN um um um um Pa um 
101.3407 0.361938 0.288086 0.285256 0.076682 2984.845 4711.37 2.09E+12 15.61034 78.64133 
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Test 
result SHS717@600oC(1) 
Force Depth1 Depth2 Depth3 Depth4 DHV-1 DHV-2 Elasticity Length HV 
mN um um um um Pa um 
101.5205 0.165405 0.03479 0.031116 0.134289 14317.34 323631.8 
-
2.7E+12 4.281425 1047.294 
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Test 
result H33@600oC(1) 
Force Depth1 Depth2 Depth3 Depth4 DHV-1 DHV-2 Elasticity Length HV 
mN um um um um Pa um 
101.3857 0.189819 0.112305 0.094275 0.095545 10856.83 31016.17 
-
8.2E+12 6.27841 486.3723 
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Test 
result H33@600oC(1) 
Force Depth1 Depth2 Depth3 Depth4 DHV-1 DHV-2 Elasticity Length HV 
mN um um um um Pa um 
101.3407 0.189209 0.117798 0.108945 0.080264 10922.14 28178.41 
-
3.3E+12 12.18368 129.0977 
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Test 
result A4777@600oC(1) 
Force Depth1 Depth2 Depth3 Depth4 DHV-1 DHV-2 Elasticity Length HV 
mN um um um um Pa um 
101.5205 0.163574 0.032959 0.033115 0.130459 14639.67 360589.8 
-
2.6E+12 4.860135 812.7344 
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Test 
result A4777@600oC(1) 
Force Depth1 Depth2 Depth3 Depth4 DHV-1 DHV-2 Elasticity Length HV 
mN um um um um Pa um 
101.5205 0.197754 0.144043 0.134398 0.063356 10016.38 18878.91 -3E+12 13.42299 106.5484 
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